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"Radiation  Chemistry  and  Cable  Technology." 

E.  E.  Finkel',  S.  S.  Leshchenko,  R.  P. 

Braginskiy.  Atomizdat,  313  pg*,  1968 

In  the  book  the  scientific  and  technical 
principles  of  the  radiation  modification  of 
electrical  insulating  polymeric  materials  used 
in  electrotechnical  (mainly  in  cable),  radio 
engineering,  and  the  electronic  industry  are 
presented.  An  analysis  is  made  of  the 
physicochemical  basis  for  the  use  of  ionizing 
radiations  for  the  modification  of  properties 
of  polymers,  the  essence  of  radiochemical  processes 
following  in  them  during  irradiation,  and  the 
peculiarities  of  action  of  radiation  of 
various  forms.  Fundamental  information  is 
given  on  the  radiation  chemistry  of  polymeric 
systems  (the  mechanisms  of  radiochemical 
reactions,  the  change  in  the  chemical  structure 
of  polymers  during  irradiation,  the  influence 
of  the  conditions  of  irradiation,  phase  state, 
and  features  of  the  structure  of  the  polymer, 
the  influence  of  additions,  etc.).  A  detailed 
examination  is  made  of  the  characteristics  of 
radiation-modified  electrical  Insulating 
polymeric  materials  under  specific  operating 
conditions  (elevated  temperatures,  mechanical 
overloadings,  radiation  fields,  the  conditions 
of  space)  and  the  most  worthwhile  fields  of 
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their  application  are  revealed.  Along  with  the 
analysis  of  the  radiation  stability  of  polymeric 
electrical  insulating  materials  the  possibilities 
are  examined  of  a  directed  change  in  their 
properties  with  the  help  of  irradiation.  The 
practical  application  of  the  methods  of  radia¬ 
tion  modification  of  polymers  is  confirmed  by 
data  on  the  increase  in  heat  resistance  and  the 
reliability  of  irradiated  cable  products  for 
various  application.  A  brief  account  is  given 
of  the  engineering  bases  for  radiation  technology 
relative  to  cable  technology  and  some  technical- 
economical  evaluations  are  given.  Bibliography  - 
565  Titles.  Illustrations  -  54.  Tables  -  45. 
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PREFACE 

In  recent  years  in  radiation  chemistry  in  general  as  well 
as  in  radiation  chemistry  of  polymers  in  particular  a  tendency 
was  determined  for  the  transition  from  the  conducting  of  searches 
and  research  work  to  the  relization  of  technical  radiation 
processes. 

Today  a  number  of  radiochemical  processes,  among  other 
things  the  process  of  radiation  modification  of  electrical 
insulating  polymeric  materisls,  are  in  the  stage  of  research- 
and-development  assimilation.  In  connection  with  this  in  this 
book  in  a  form  which  is  accessible  for  the  specialists  of  various 
profile  the  bases  have  been  presented  for  the  radiation  chemistry 
of  polymers  and  the  study  of  radiation  materials,  and  also  the 
principles  of  radiation  modification,  including  the  elements  of 
technical-engineering  solutions. 

s 

In  the  Soviet  Union  and  abroad  a  number  of  momographs 
have  been  published  which  deal  with  the  effect  of  radiation  on 
polymeric  materials  (F.  Bovey,  "The  Influence  of  Ionizing 
Radiations  on  Natural  and  Synthetic  Polymers,"  1959; 

T.  S.  Nikitina,  et.  al.,  "The  Influence  of  Ionizing  Radiations  of 
Polymers,"  1959;  A.  Charlesby,  "Nuclear  Radiations  and  Polymers," 
1962 j  A.  Svollou,  "Radiation  Chemistry  of  Organic  Compounds,"  1963; 
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R.  Bolt,  and  J.  Kerrol,  "The  Influence  of  Radiation  on  Organic 
Materials,"  1965;  I.  V.  Vereshchinskiy ,  A.  I.  Pikayev,  "Introduc¬ 
tion  to  Radiation  Chemistry,"  1965,  and  others).  However,  in 
these  books  applied  questions  either  are  not  examined  at  all  or 
have  been  treated  in  too  general  a  view. 

In  order  to  make  up  this  ommission  at  least  partly, 
literature  on  the  characteristics  of  cable  products  with  radiation 
modified  insulation,  the  fields  of  application  and  also  their 
behavior  under  specific  operating  conditions  (in  radiation  fields, 
space,  and  others)  have  been  systematized. 

Although  primary  attention  here  is  allotted  to  applied 
problems,  all  the  available  publications  through  1966  inclusively 
have  also  been  examined. 

The  mastering  of  the  specific  technology  on  industrial 
scales  and  the  consumption  of  production  obtained  by  radiation 
methods  in  various  branches  of  the  national  economy  is  impossible 
without  acquainting  a  wide  circle  of  specialists  with  the 
specifics  of  radiation  processes  and  the  possibilities  opened 
during  their  utilization. 

It  is  possible  to  hope  that  the  proposed  work  will  facilitate 
the  more  rapid  and  wider  incorporation  of  radiochemical  methods 
in  the  national  economy. 
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INTRODUCTION 


During  the  entire  history  of  humanity  the  discovery  of 
every  previously  unknown  form  of  energy  signified  by  itself  the 
beginning  of  a  new  considerable  stage  in  science  and  technology 
and  was  accompanied  by  intensive  investigations  and  by  engineering 
development,  the  purpose  of  which  was  the  practical  utilization 
of  this  form  of  energy.  The.  discovery  of  atomic  energy  is  no 
exception  from  the  general  regularity. 

In  spite  of  the  fact  that  the  processes  themselves  of 
intranuclear  transformations,  which  are  accompanied  by  the 
liberation  of  energy  exceeding  the  energy  which  is  liberated 
by  chemical  reactions,  were  discovered  already  at  the  end  of 
the  last  century  it  became  possible  to  use  atomic  energy  in 
practice  only  after  the  discovery  of  the  fission  reaction  of  the 
nuclei  of  heavy  elements  (for  Instance,  uranium)  under  the  action 
of  neutrons.  Precisely  this  discovery,  made  at  the  end  of  the 
thirties,  predetermined  the  possibility  of  the  realization  of  a 
controlled  chain  reaction  of  the  fission  of  an  atomic  nucleus, 
which  was  realized  for  the  first  time  on  2  December  19^2,  when 
the  first  nuclear  reactor,  installed  under  the  guidance  of  the 
outstanding  Italian  physicist  Enrico  Fermi,  began  to  operate. 

As  a  result  of  the  division  the  nucleus  of  a  heavy  element 
decomposes  into  two  identically  charged  fragments  which  diverge  at 
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very  high  speeds.  During  the  collision  of  these  fragments  with 
the  atoms  of  the  atmosphere  in  which  they  are  moving,  the  kinetic 
energy  of  the  latter  is  converted  into  thermal.  Tile  quantity  of 

\  •  .  s' 

energy  liberated  ,in  this  process  exceeds  by  more .than  10'  times  the 
energy  content  which  is  liberated  during  the  radioactive  decay  of  1 
atomic  nuclei.  During  .the  complete  nuclear  .fission  of  1  kg  of 
uranium  energy  is  liberated  which! is  equivalent  to  >the  heat  of 
combustion  of  about  3&0Q  t  of  high-calorific  anthracite..  The 
essential  feature  of  the  fission  reaction  consists  of  'the  Tact 

i  •  •  1 

that  during  every  fisqion  for  one  absorbed  neutron  two  and  more  . 
neutrons  are  liberated,  i.p.,  the  reaction  bears  a  chain  nature. 
Prom  the  total  energy  which  is  liberated  during  the  realization 
of  the  chain  reaction  of  the  fission  qf  heavy  nuplei  about  80^  of 
it  is  converted  into  thermal,  and  the ‘  remajlnin^  20$  is  liberated 
in  the  form  of  ionizing  high-energy  radiation.  The  ionizing  ;- 
radiations  generated  in  a  nuclear  reactor1  can  be  used  either 
directly  or  for  obtaining  various  radioactive  isotopes;,  the 
latter  can  also  be  liberated  in  large  quantities  from  fi'ssion  >. 
products.  ,  ,  1  ,  ' 

I  • 

«  i 

i 

Thus  as  a  result  of  conducting! a  controlled  chain  reaction 

of  the  division  of  the  nuclei  of  heavy  elements  colossal  quantity’ 

■*  * 

of  heat  energy  is  liberated,  intensive  flows  of  the  ionizing 
radiations  of- high  energy  are  generated,  and  radioactive  isotopes 
are  obtained.  At  the  present  time  as  a  result  of  the  large 

*  i 

number  of  the  works  executed  by  scientists,  engineers,  and  other 

v  j 

specialists,  promising  trends  have  been  revealed  and  paths  have 

*  !  *  I  |  •  • 

been  found  for  the  utilization  of  nuclear  energy,  radiations, 

1 

and  isotopes' in  industry,  agriculture,  medicine,  and  scientific 
investigations.  .  s  t 


•>  r. 


.  i 
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Thus,  for  Instance,  the  radioactive  isotopes  which  are 
formed  in  a  nuclear  reactor  found  'wide  application  as  "tracer 

t 

elements"  ffor  investigations  in*  the  most  diverse  branches  of 
science  and  engineering,  medicine,  and  agriculture  (research  on  . 
the  mechanism  qf  chemical  reactions,’ diffusion  and  self-diffusion; 

J 

1  »  % 
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study  on  the  wear  of  tools  and  parts,  the  assimilation  of  fertil- 
izerr  oy  plants;  the  diagnostics  of  a  number  of  illnesses; 
radiotherapy;  the  study  of  the  migration  of  agricultural  pests, 
•etc.).  Along  with  use  for  research  purposes  the  radioactive 
isotopes  of  a  number  of  elements  are  used  in  significant  quantities 

•  for  the  creation  of  small  electric  power  installations  (with  a 

power  up  to  100  W)  in  which  the  energy  liberated  during  radioactive 

! 

decay  is  converted  into  electrical.  Such  current  generators  find 
use  as  the  power  packs  for  ground  (radio  beacons,  weather  bases, 
seismic  stations  set  up  in  almost  inaccessible  places,  etc.)  and 
also  for  space  equipment (satellites,  interplanetary  probes). 

Finally  radioactive  isotopes  are  used  for  the  creation  of  the 
powerful  radiation  sources  used  in  radiochemical  processes,  for 
the  sterilization  of  medical  equipment  and  materials,  for  the 
extermination  of  insects  on  grain,  preservation  of  food  products, 
etyi.  Recently  there  has  been  wide  discussion  on  the  possibilities 
of  chemionuclear  synthesis,  i.e.,  the  conducting  of  radiochemical 
reactions  directly  in  the  nuclear  reactor  core  under  the  influence 
Of  fission  fragments. 

There  is  no  less  value  in  the  use  of  isotopes  in  measuring 
technology,  especially,  for  the  creation  of  devices  for  the 
checking  and  control  of  different  industrial  processes.  The 
'characteristic  properties  of  radioisotope  sets  are  noncontact 
measurement,  low  degree  of  inertness,  high-performance,  and 
stability.  Level  gauges,  tachometers,  sensors  of  small  movements 
.  and  vibrations,  thickness  gauges,  pipe-thickness  gage,  desiometers, 
manometers,  gas  flowmeters,  hygrometers  for  solid  and  loose 
materials,  etc.,  with  radioisotope  sensors  are  being  produced. 

Even  the  far  from  complete  enumeration  of  the  fields  of 

•  application  of  radioactive  isotopes  and  radiations  gives  an  idea 
about  how  widely  disseminated  atomic  technology  is  in  the  different 
fields  of  human  activity.  However,  as  it  was  noted,  for  isotopes 
and  radiation  only  about  20%  of  the  energy  which  is  liberated 

in  the  nuclear  reactor  is  expended;  the  remaining  80%  is 

I 
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converted  into  heat.  The  most  worthwhile  method  of  the 
utilization  of  heat  energy  is  its  conversion  into  electrical, 
i.e.,  the  creation  of  atomic  electric  power  stations  (AES)  [A3C], 

With  an  electric  power  of  reactors  of  600-1000  thousand  KW 
the  atomic  power  stations  become  competitive  in  relationship  to 
the  contemporary  thermal  power  plants  of  analogous  power. 
Apparently  in  the  Soviet  Union,  in  regions  with  expensive  fuel, 
nuclear  power  engineering  after  19 80  will  become  one  of  the 
fundamental  development  trends  of  power  engineering. 

The  development  of  atomic  technology  in  all  its  diversity  of 
uses,  and  especially  the  development  of  nuclear  power  engineering 
and  the  building  of  the  powerful  isotope  radiation  sources, 
substantially  influenced  the  electrical  insulating  and  cables 
industry. 

Actually  cable  products,  for  example,  fulfill  a  double 
function.  On  the  one  hand  they  serve  for  the  delivery  of  electric 
power  supply  to  various  sets  and  equipment  which  enter  the  system 
for  control  and  protection  of  a  nuclear  reactor  or  isotope 
radiation  source;  on  the  other  hand,  over  them  information  is 
transmitted  from  different  sensors  to  the  system  of  automatic 
regulation  or  to  the  desk  of  operator  and  the  subsequent  trans¬ 
mission  of  instructions  to  final  mechanism.  In  both  cases  cable 
products,  at  least  a  certain  part  of  them  are  laid  out  in  the 
zone  of  influence  of  ionizing  radiations. 

Sometimes  the  specifics  of  utilization  of  cable  and  other 
electrotechnical  products  in  reactors  or  isotope  installations 
are  not  limited  only  to  the  presence  of  the  flows  of  ionizing 
high-energy  radiation,  they  are  characterized  by  the  combination 
of  irradiation  with  the  action  of  considerable  temperatures .  In 
a  number  of  cases  in  addition  to  the  two  factors  there  are  others, 
for  example,  the  periodic  raising  in  humidity,  fluctuation  of 
temperature  over  wide  limits,  etc.,  which  still  further  complicate 
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the  operating  conditions.  The  use  of  nuclear  powerplants  aboard 
iran-made  satellites  or  spaceships  introduces  into  the  features 
enumerated  above  of  the  operating  conditions  near  a  radiation 
source  all  the  specifics  of  space  -  high  vacuum,  ultraviolet 
and  corpuscular  radiation,  etc. 

As  a  result  it  is  necessary  to  develop  cable  products  on 
the  basis  of  materials  which  are  suitable  for  prolonged  exploita¬ 
tion  under  very  complex  conditions  which  are  specific  for  the 
uses  in  question.  It  is  evident  that  such  a  development  should 
precede  the  selection  of  materials  not  only  on  the  basis  of  an 
analysis  of  their  electrophysical,  physicomechanical,  and 
technical  properties,  but  also  taking  into  account  the  changes  in 
the  majority  of  these  properties  during  irradiation  under  certain 
conditions.  In  other  words  the  determining  factor  becomes  the 
radiation  stability  of  the  material.  The  inclusion  of  this  factor 
in  the  examination  during  the  analysis  pf  the  fitness-  of  electrical 
insulating  materials  used  in  cable  technology  for  exploitation 
under  such  specific  conditions  substantially  narrowed  their 
nomenclature  and  stimulated  searches,  and  sometimes  also  the 
development  of  new  materials  which  correspond  to  the  more  complex, 
as  compared  with  usual,  requirements.  The  study  of  the  properties 
of  materials  which  were  not  being  used  in  cable  technology,  the 
design  elaboration  of  cable  products  with  the  use  of  such  materials, 
and  the  creation  of  the  technology  of  their  preparation  made  it 
possible  not  only  to  solve  the  concrete  problems  in  the  field  of 
atomic  technology,  but  also  to  rise  cable  technology  to  a  new 
stage,  having  enriched  its  possibilities  in  respect  both  to  the 
assortment  of  utilized  materials  and  the  arsenal  of  technical 
methods  and  means. 

I 

Thus  the  introduction  of  concepts  and  methods  of  radiation 
material  study  into  the  custom  of  specialists  in  the  field  of 
electrical  insulating  and  cable  technology  Is  a  natural  refelction 
of  the  development  of  contemporary  science  and  technology,  it 
simulates  the  further  perfection  of  cable  technology  relative  to 


the  demands  not  only  of  atomic  industry,  but  also  other  rapidly 
developing  branches  of  the  national  economy. 

On  the  other  hand,  precisely  the  development  of  nuclear 
power  engineering  and  reactor  engineering  required  the  conducting 
of  the  systematic  studies  in  the  field  of  radiation  materials 
behavior,  i.e.,  the  study  of  the  processes  which  proceed  in 
various  materials  under  the  influence  of  ionizing  high-energy 
radiation,  and  also  the  changes  in  the  properties  of  materials 
during  irradiation.  The  data  obtained  during  the  conducting  of 
such  studies  showed  that  in  certain  cases  ionizing  radiations  can 
be  used  as  a  unique  instrument  for  a  directed  change  in  the 
properties  of  initial  materials.  The  irradiation  of  some  materials 
by  ionizing  radiations  under  specific  conditions  makes  it  possible 
to  change  the  properties  of  the  initial  material  in  the  required 
direction,  i.e.,  to  modify  the  material  without  introducing 
into  its  composition  any  supplementary  ingredients.  As  it  was 
explained,  the  methods  of  radiation  modification  in  the  first 
place  are  applicable  to  electrical  insulating  materials  on  the 
basis  of  synthetic  polymers.  Thus  the  perfection  of  atomic 
technology  and  the  obtaining  of  powerful  sources  of  the  ionizing 
radiations  opened  supplementary  possibilities  in  cable  technology, 
it  permitted  the  creating  of  new  electrical  insulating  materials 
with  improved  properties  by  means  of  the  radiation  modification  of 
the  generally  used  synthetic  high  polymers. 

The  presence  of  such  an  interrelation  between  atomic  and 
cable  technology  is  completely  regular  and  its  realization 
facilitates  the  more  rapid  and  fruitful  development  of  these 
branches  of  knowledge. 

For  the  realization  of  methods  of  the  radiation  modification 
of  materials  on  industrial  scales  it  is  possible,  and  in  certain 
cases  even  more  advantageous,  along  with  a  nuclear  reactor  of 
an  isotope  source  to  use  an  electron  accelerator  as  the  generator 
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of  radiation.  Under  conditions  of  industrial  production  for 
processes  which  require  the  significant  irradiation  dose  at  a 
high  dose  rate,  the  bundle  of  accelerated  electrons  has  explicit 
advantages  over  the  gamma-irradiation  of  an  isotone  source.  The 
scales  of  utilization  of  accelerators  for  industrial  purposes 
are  noticeably  increasing.  Thus  based  on  data  for  1966, .of  the 
1800  accelerators  which  have  been  built  and  are  operating  in 
more  than  40  countries  of  the  world,  more  than  100  accelerators 
are  used  in  industry;  in  the  USA  alone  for  the  conducting  of 
one  of  the  most  developed  and  promising  of  radiochemical  processes  - 
the  cross-linking  of  polyethylene  and  other  polyolefins  into 

*  products  (wires  and  cables,  packing  film,  insulation  tubes,  etc.)  - 
36  accelerators  are  used. 

The  prospect  of  the  use  of  the  methods  of  radiation  modifica¬ 
tion  for  increasing  the  heat  resistance  and  reliability  of 
polyolefin  insulation  of  wires  and  cables  is  confirmed  by  the 
systematic  growth  in  the  production  of  such  products  abroad, 
especially,  in  the  USA,  and  also  by  the  utilization  of  such 
irradiated  insulation  in  cable  products  of  ever  greater  nomenclature 
(wiring  Deads,  coaxial  cables,  power  and  high-voltage  cables,  etc.). 
Thus  today  wires  and  cables  with  insulation  from  irradiated 
polyethylene  and  its  copolymers  are  produced  by  t'ne  following 
firms:  "Raychem.  Corp,"  "General  Electric  Co.,"  "Electronized 
Chemicals  Corp.,"  "Radiation  Materials  Inc.,"  "Anaconda  Wire  and 

*  Cable  Co.,"  "Supernant,"  "Radiation  Dynamics  Inc.,"  and  others, 
whereupon,  according  to  the  Atomic  Energy  Commission  of  the  USA, 
the  total  volume  of  production  in  1963  in  terras  of  money  was 

*  13  million  dollars,  in  1964  -  27,  in  1965  -40,  and  in  1966  70 
million  dollars  was  planned. 

The  radiation  chemistry  of  polymers  and  its  practical  use 
in  various  aspects  obtained  wide  development  in  our  country.  A 
number  of  radiochemical  processes  have  already  been  brought  to 
the  stage  of  industrial  testing,  and  an  even  greater  number  is 
found  on  the  threshold  of  this  stage. 
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In  the  next  two  or  three  years  ‘radiochemical  processes  will 
be  introduced  intensively  into  industrial  production.  Therefore, 
it  is  important  that  the  specifics  of  radiation  technology  and 
the  possibilities  appearing  during  its  wide  utilization  would  be 
equally  clear  to  the  workers  in  the  branches  of  industry  which 
master  the  output  of  radiation-modified  products  and  which  use 
them. 


The  purpose  of  this  work  is  to  acquaint  a  wide  circle  of 
technical-engineering  personnel,  in  the  first  place  of  the 
electrotechnical  and  radio  engineering  industry  and  their 
consumers,  with  the  basic  concepts  of  the  radiation  chemistry  of 
polymers  and  radiation  materials  behavior  and  the  systematization 
of  the  necessary  minimum  of  information  for  independent  work 
with  original  literature,  and  also  the  reflection  in  an 
accessible  form  of  the  contemporary  level  of  development  of  the 
industrial  use  of  radiochemical  processes  for  the  modification 
of  electrical  insulating  polymeric  materials. 
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CHAPTER  I 


THE  PHYSICOCHEMICAL  BASES  FOR  THE  USE 
OF  IONIZING  RADIATIONS  FOk  THE 
MODIFICATION  OF  PROPERTIES  OF  ELECTRICAL 
INSULATING  POLYMERIC  MATERIALS 


FORMS  OF  IONIZING  RADIATIONS,  METHODS 
OF  GENERATING  THEM,  AND  PECULIARITIES 
OF  THE  INTERACTION  WITH  A  SUBSTANCE 


The  terms  "ionizing  radiations”  and  "high-energy  radiation" 
are  applied  both  to  corpuscular  radiation,  i.e.,  to  particles 
moving  at  high  velocity  -  to  fast  electrons  or  8-particles,  to 
rapid  protons,  neutrons1,  deutons,  and  a-particles,  and  to  short¬ 
wave  electromagnetic  radiation  -  X-ray  and  y-rays;  the  latter 
can  be  considered  as  particle  flux  (quanta  of  high  energy). 


Let  us  examine  the  nature  and  properties  of  ionizing 
radiations,  the  methods  of  obtaining  them,  and  also  the  peculiarities 
c.  f  interaction  with  a  substance. 


Strictly  speaking,  neutrons  do  not  directly  cause  the 
ionization  of  the  atmosphere  in  which  they  are  disseminated, 
however,  they  make  a  noticeable  contribution  to  ionization  as 
a  result  of  secondary  effects. 
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The  Interaction  of  Past-moving  Charged 
Particles  with  a  Substance 

A  charged  high-energy  -particle  spends  its  kinetic  energy  as 
a  result  of  the  electric  (Coulomb)  interaction  with  the  bound 
electrons  of  the  atoms  of  the  absorbing  material  (the  absorber). 
This  interaction  gives  rise  to  the  direct  transmission  of  energy 
to  such  electrons  and  to  their  transition  into  the  excitation 
levels  of  the  corresponding  atoms  or  molecules.  If  these  levels 
lie  higher  than  the  ionization  potential  of  the  given  atom  (or 
molecule),  then  ionization  occurs;  if  they  are  arranged  lower 
than  the  ionization  potential  (in  a  bound  state),  then  an  exicted 
atom  (or  molecule)  is  formed.  Since  the  dimensions  of  the 
nucleus  are  considerably  less  than  the  dimensions  of  the  atom, 
and  the  action  of  nuclear  forces  is  manifested  only  at  very 
small  distances,  the  power  loss  by  an  incident  particle  as  a 
result  of  collision  with  nuclei  is  less  probable  than  as  a  result 
of  an  interaction  with  electrons. 

When  a  charged  particle  passes  near  a  bound  electron  the 
magnitude  of  the  energy  transmitted  to  it  depends  on  the  particle 
velocity  and  minimum  distance  at  which  it  approaches  the  electron 
(the  so-called  "impact  parameter").  The  Coulomb  force  of  the 
interaction  between  the  incident  particle  and  electron  is 
proportional  to  the  product  of  the  charges  of  the  interacting 
particles  divided  by  the  square  of  the  distan.ce  between  them.  The 
magnitude  of  the  pulse  transmitted  to  the  electron  is  determined 
by  the  product  of  this  force  and  the  duration  of  interaction, 
i.e.,  is  inversely  proportional  to  the  velocity  of  the  incident 
particle. 

If  the  velocity  of  motion  of  the  particle  is  less  than  the 
orbital  velocity  of  the  electron  in  the  atom  of  the  absorber, 
then  it  can  capture  this  electron  from  the  atom.  During  the 
further  passage  of  this  particle  through  the  substance  of  absorber 
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the  electron  esptured  by  it  can  again  be  stripped,  or  charge 
transfer  (charge-exchange)  can  occur  between  the  atom  of  the 
absorber  and  particle. 

The  power  loss  by  the  charged  particle  with  mass  M  (greater 
than  the  mass  of  the  electron)  per  unit  of  path  length  for 
ionization  and  the  excitation  of  the  atoms  of  the  absorber  for 
the  nonrelativistic1  range  can  be  expressed  by  formula  [1] 

<iF.  4:u*  (m)*2.V  d 

— B-  <!> 

where  E  -  the  kinetic  energy  of  the  particle;  x  -  the  path  length 
of  a  particle  with  mass  M  in  absorber;  e  -  the  electron  charge; 
ez  -  the  charge  of  the  incident  particle;  N  -  the  number  of  atoms 
in  1  cm"  of  absorber  substance;  Z  -  the  atomic  number  of  the 
absorber  substance;  m  -  the  mass  of  the  electron;  v  -  the  particle 
velocity;  B  -  the  slowing-down  coefficient.  The  slowing-down 
coefficient  B  is  a  logarithmic  function  of  v  and  Z".  Therefore 
the  dependence  of  dE/dx  on  the  particle  velocity  is  determined 

p 

basically  by  the  multiplier  1/v  .  Logarithmic  function  B  weakly 
influences  the  dependence  of  the  losses  of  energies  on  the 
atomic  number  of  the  absorber.  Therefore  in  the  case  of  constant 
velocity  the  magnitude  d£/ dx  is  practically  proportional  to  the 


^.e.,  when  the  velocity  of  the  incident  particle  is 
considerably  less  than  the  speed  of  light. 

2The  slowing-down  coefficient  B  can  be  calculated  according 
to  the  formula 


_  F«  2»tr*  1 

B«[ln  -  —In  (1— F)-pjZ. 


where  I  -  the  average  excitation  potential  of  the  substance  of 

the  absorber;  B  =  ^  (c  -  the  speed  of  light  in  a  void). 

For  nonrelativistic  energies  (at  3  =  0)  the  expression  for 
B  is  simplified: 

a.ztaJa'.. 
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product  of  NZ,  i.e.,  the  electron  density  of  the  absorber. 

The  kinetic,  energy  of  the  particle  diminishes  to  the  level 
of  thermal  (-0.025  eV)  after  the  passage  of  a  determined  thickness 
of  material  which  is  called  the  particle  path:  the  magnitude  of 
the  path  is  frequently  expressed  in  units  of  surface  density 

p 

(mg/cm  ).  ... 

Electrons 

The  electron  is  a  negatively  charged  particle.  The  rest  mass 
of  an  electron  comprises  1/1837  the  rest  mass  of  a  proton;  the 
electron  possesses  a  charge  of  4.803  *  10-10  esu.  The  positron 
possesses  exactly  the  same  mass  as  the  electron,  but  has  a 
positive  charge;  it  can  be  considered  as  an  antielectron[2]. 

Depending  on  the  nature  of  the  process  leading  to  the 
appearance  of  a  free  electron,  it  is  possible  to  Introduce  the 
following  classification. 

B-partialea  are  electrons  of  the  high  energy  which  are  formed 
during  radioactive  decay;  the  electron  in  this  case  is  emitted  by 
the  atomic  nucleus.  The  energy  spectrum  of  0-paruicles  emitted 
during  radioactive  decay  is  continuous:  from  zero  to  the  certain 
peak  value  of  energy,  characteristic  precisely  for  the  given  form 
of  decomposing  nuclei  (so  called  the  upper  bound  of  the  B-spectrum 
of  the  given  radioactive  isotope).  The  mean  energy  of  a  0-particle 
comprises  about  1/3  from  the  maximum  energy  of  electrons  emitted 
in  the  decay  of  the  given  radioactive  isotope. 

The  cathose  rays  are  electrons  emitted  by  a  heated  metallic 
filament  (the  cathode);  they  can  be  accelerated  to  any  required 
energy.  Actually  all  high-energy  electrons  obtained  with  the 
help  of  special  electrophysical  devices  -  accelerators,  are 
cathode  rays,  however  this  term  is  usually  used  only  relative  to 
electrons  of  relatively  low  energy. 


Compton  electrons  are  formed  during  the  interaction  of  y- 
or  x-rays  with  tl/u  atomic  electrons  of  the  absorber.  The  energy 
of  Compton  electrons  is  changed  over  wide  limits:  beginning  from 
zero  and  ending  with  an  energy  almost  equal  to  the  incident  radiant 
energy . 

S-rays  are  secondary  electrons  which  are  formed  within  the 
limits  of  the  track  of  the  ionizing  particle  and  which  receive 
from  it  a  certain  fraction  of  energy;  their  zone  of  action  is 
localized  near  the  particle  r,rack.  The  energy  of  6-rays  fluctuates 
over  wide  limits:  from  several  electron  volts  to  a  maximum  which 
can  be  transmitted  by  an  incident  particle  to  an  electron  with 
the  observance  of  the  laws  of  conservation  of  energy  and  pulse. 

Photoelectrons  are  formed  during  the  interaction  of  the  x-rays 
or  y-quanta  of  low  energy  with  the  bound  electrons  of  the  atoms 
of  the  absorber  as  a  result  of  photoelectric  absorption  (photo¬ 
effect).  The  kinetic  energy  of  a  photoelectron  is  equal  to  the 
total  energy  of  its  dislodged  x-radiation  or  y-quantura  with  the 
deduction  of  the  binding  energy  of  the  electron  in  the  atom  at  that 
level  from  which  it  was  removed. 

The  electrons  of  internal  conversion  are  formed  during 
interaction  of  y-quantum  emitted  by  nucleus  in  the  act  of 
radioactive  transformation  with  the  electron  of  one  of  the 
electron  shells  (K-,  Z-  or  M-shells  adjacent  to  the  nucleus  of 
the  same  atom. 

The  physical  aspects  of  the  interaction  of  electrons  with 
a  substance  are  reduced  to  the  following. 

% 

Electrons  of  not  very  high  energies  (several  magaelectronvolts) 
spend  their  energy  up  to  complete  deceleration,  basically  as  a 
result  of  manifold  successive  inelastic  collisions  with  the  atomic 
electrons  of  the  absorber. 
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During  inelastic  interactions  in  the  case  of  the  collision 
of  incident  electrons  with  the  orbital  electrons  of  the  atom 
the  energy  is  expended  for  excitation  and  ionization  of  the  atoms 
of  the  substance  (ionization  losses),'  and  during  their  abrupt 
deceleration  in  the  Coulomb  field  of  the  nucleus  -  for  the 
generation  of  siowing-down  x-radiation  (radiation  losses).  The 
ionization  losses  of  energy  of  electrons  are  described  by  a 
somewhat  modified  equation  (1)  for  the  loss  of  energy  for  ionization 
and  excitation. 

The  difference  in  the  behavior  of  electrons  and  of  heavier 
charged  particles  lies  in  the  following.  A  heavy  particle  (see 
below)  during  every  collision  with  an  electron  loses  a  comparatively 
small  part  of  its  kinetic  energy  and  as  a  result  it  does  not 
substantially  change  the  direction  if  its  movement,  i.e.,  its  path 
in  the  substance  is  practically  a  straight  line.  If  the  incident 

t  _*• 

particle  is  the  electron,  then  it  is  considerably  deflected  from 
the  original  direction  of  movement  and  its  path  in  the  absorber  is 
very  meandering. 

Radiation  losses  (the  emission  of  "braking  radiation")  make 
up  a  significant  portion  of  the  total  energy  losses  when  the 
velocity  of  electrons  is  -close  to  the  speed  of  light.  The 
relationship  of  radiation  and  ionization  losses  can  be  described 
approximately  by  the  equation 

(-A 

*  dx'  radiation EZ 

/  J£\  ""*800’  (2) 

V  /ionization 

where  E  -  the  energy  of  the  electron,  MeV;  Z  -  the  atomic  number  ' 
of  the  absorbing  substance. 

Radiation  losses  are  higher,  the  higher  the  energy  of  the 

» 

electrons  and  the  greater  the  atomic  number  of  the  absorber.  For 
instance,  during  the  braking  of  electrons  with  an  energy  of  15  MeV 
in  carbon  (Z  =  6)  radiation  losses  make  up  lOJt  of  ionization  losses. 


Protons,  Deutons,  o-particles.  Helium 
Ions,  and  Other  Heavy  Particles 


The  heavy  ionizing  high  energy  particles  are  obtained  mainly 
with  the  help  of  special  physical  devices  -  the  accelerators  of 
charged  particles,  with  the  exception  of  a-particles  which  are 
emitted  during  the  radioactive  decay  of  the  atomic  nuclei  of 
some  heavy  elements  which  possess  natural  radioactivity. 


The  physical  properties  of  heavy  ionizing  particles  are 
given  in  Table  1;  there  for  a  comparison  the  properties  of  a 
neutron  and  of  light  particles  (electron  and  positron)  are  given. 


Table  1.  The  physical  properties  of  ionizing 
particles. 


Rest  mass 

Charge  in  units  of. 

Particle 

Symbol 

{amul  1 

electron  charge 

Proton 

p  or  H+ 

1.00728 

1 

Deuton 

d  or  D+ 

2.01355 

1 

a  -particle 
Helium  ion 

„4 

4.00047 

2 

Neutron 

n 

1.00867 

0 

Electron 

e* 

5-486* 10*4 

1 

Positron 

e+ 

5.486* lO"4 

1 

1One(amu}(atonlc  mass  unit)  Is  equal  to  1/12  the  atomic 
mass  of  the  isotope  of  carbon  C12. 


*  The  general  regularities  of  the  absorption  of  charged 
particles  in  a  substance  are  described  in  the  beginning  of  this 
section.  As  can  be  seen  from  expression  (1),  the  loss  rate  of 

*  energy  by  positive. ions  does  not  depend  on  the  mass  of  the  particle, 
but  it  is  determined  only  by  Its  velocity  and  charge;  With  equal 
velocities  of  movement  in  a  substance  the  loss  rate  of  energy 

by  the  helium  ions  (Z  =  2)  is  four  times  greater  than  by  protons 
(Z  =  1).  The  ionization  density  generated  by  a  heavy  particle 
in  the  substance  along  the  length  of  track  is  irregular  and 
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increases  up  to  its  ends,-- which  is  conditioned  by  the  loss  of‘ 
velocity . 

i  ; 

.  i 

During  the  irradiation  of  a  substance  by  heavy  charged 
particles,  as  in  the  case  of  electrons,  6-rays  are  also  formed, 
i.e.,  secondary  electrons;  the  majority  of  the  events  of  ionization 
and  excitation  in  the  absorber  is  caused 'namely  by  6-rays.  i 
Maximum  energy  of  6-rays,  i.e.,  of  secondary  -electrons  wi£h  mass, 
m  which  are  formed  under  ’the  action  of  heavy  particles  with 
mass  M  and  energy  E,  is  determined  by  the  relationship  ,■ 


£»,  max  —  4E 


m lit-  _  4 Em 


Since  the  maximum  energy  of  6-rays  is  inversely  proportional  to . 
the  mass  of  the  ionizing  particle,  the  heavier  particles  give 
rise  to  the  formation  of  more  compact  ^nd  more'  intensive  -.tracks . * 

*  s  « 

* 

*  >  1  ,  ” 

Neutrons  •  *  1 

! 

Neutrons  are  distinguished  from  the  iother  fornjs  of  .high-  '  • 
energy  radiation  in  the  first  pl^ce  by  the  absence  of  an  ele’ctric 
charge;  neutrons  do  not .interact  electrically  wi^h  electrons  and 
atomic  nuclei.  Not  being  ionizing  particles  in  a  literal  sense, 

i 

neutrons  transmit  energy  to  the  surrpundirig  substance  mainly! 

t 

by  means  of  elastic  collisions  withi  the-  atomic  nuclei  of  the 
absorber.  Ionization  and  excitation  in  the  substance } during 
irradiation  by  high-energy  neutrons  are  caused  by  charged  recoil 
particles.  .  .  i 


A  free  neutron  possesses  radioactivity;  having  suffered 
0-decay,  it  is.  converted  into  a  proton,  whereupon  the  half-life 
comprises  11.7  min  [2,  33*  ,  •  ; 

‘  *  J  .  »  1  .  i 

Depending  on  energy  (also  for  convenience  being  expressed 

in  electron  volts)  neutrons  are  subdivided  into  several  group’s. 

*  4  !  .  1  '  '  ' 

.  i 


} 


8. 


i 


Such  a  classification  is  quite  conditional  and  with  various 
authors  does  not  always  coincide. 

Thermal  neutrons.  This  group  includes  neutrons,  the  mean 
kinetic  energy  of  which  coincides  with  the  kinetic  energy  of 
■  particles  with  a  mass  ofl(amu)at  room  temperature  (i.e.,  about 
0.025  eV  and  velocity  on  the  order  of  2200  m/s). 

Epithermal  neutrons.  This  group  includes  neutrons,  the 
energy  of  which  is  higher  than  the  energy  of  thermal  neutrons 
but  lower  than  intermediate.  In  this  area  of  energies  many 
elements  possess  high  values  of  effective  cross  section  of 
resonance  capture. 

Intermediate  neutrons.  This  group  includes  neutrons,  the 
energy  of  which  lies  in  the  range  of  approximately  100  eV  up  to 
100  keV.  The  recoil  protons  created  by  such  neutrons  barely 
form  secondary  ionizing  particles  (threshold  energy  for  formation 
of  6-rays  by  protons  comprises  about  20  keV). 

Past  neutrons.  This  group  includes  neutrons  with  an  energy 
above  100  keV. 

The  number  of  neutrons  which  intersect  a  given  cross-sectional 
area  in  a  unit  of  time  Is  called  the  "neutron  flux."  If  in  the 
system  in  question  there  is  on  the  average  n  neutrons  per  1  cm^, 
whereupon  each  of  them  possesses  the  velocity  v  (cm/s),  then 

p 

the  neutron  flux  comprises  nv  [neutron/ (cm  *s)].  The  total  number 
of  neutrons  which  are  necessary  for  every  square  centimeter  of 
sthe  irradiated  surface  of  the  system  i.e.,  the  integral  of 
neutron  Irradiation,  Is  obtained  by  means  of  the  multiplication 

of  the  neutron  flux  by  the  duration  of  irradiation: 

*  2 
nvt  (neutrons/cm  ) 

Neutrons  are  not  encountered  in  a  free  state  in  nature  and 
their  only  source  are  nuclear  reactions.  The  most  powerful 


neutron  source  is  the  nuclear  reactor.  The  neutron  flux  and 
its  energy  spectrum  depend  on  the  type  and  dimension  of  the 
reactor,  and  also  on  the  level  of  power  at  which  it  works. 
Furthermore,  in  different  sections  within  the  limits  of  the 
giver,  reactor  the  flux  is  different. 

The  classical  neutron  source  is  a  radium-beryllium  source, 
in  which  neutrons  are  formed  during  the  nuclear  bombardment  of 
beryllium  by  a-particles  of  radium  in  she  reaction 


Q  Ip 

or  as  it  has  been  accepted  to  write  down  briefly  Be^(a,  n)C  . 

The  neutron  source  can  also  be  an  accelerator  of  charged 

particles.  The  neutron  yield  in  this  case  depends  on  the  energy 

of  the  particles  which  bombard  the  target  and  the  form  of  the 

nuclear  reaction  which  flows  in  it.  Thus  a  convenient  source 

of  rapid  neutrons  can  be  the  nuclear  reaction  H  (d,  n)He  .  The 

beam  of  deutons,  accelerated  with  the  help  of  Van  de  Graff 

electrostatic  generator  (see  below),  is  directed  to  a  target  in 

the  form  of  ice  from  heavy  water  Do0.  When  using  ions  B*  with  an 

®  9 

energy  of  1  MeV  the  neutron  yield  comprises  about  5*10  neutron/8 
per  1  uA.  of  deutron  current.  By  means  of  the  irradiation  of  a 
beryllium  target  by  an  electron  beam  with  an  energy  above 

Q  g 

2  MeV  it  is  possible  to  carry  out  the  nuclear  reaction  Be  (y,  n)Be 
or  D2(y,  njH1. 


Unlike  charged  particles  and  y-quanta,  neutrons  in  transit 
through  a  substance  interact  mainly  only  with  the  atomic  nuclei; 
electrons  hardly  participate  in  this  process.  Not  having  an 
electric  charge,  a  neutron  can  approach  atomic  nuclei  at  dis¬ 
tances  which  are  sufficient  for  the  development  of  nuclear  forces 
without  possessing  high  kinetic  energy  in  this  case,  because  it 
does  not  experience  repulsion  on  the  part  of  the  Coulomb  field 
of  the  nucleus.  During  the  interaction  of  neutrons  with  a 
substance  four  fundamental  processes  take  place:  elastic  and 

10 


inelastic  scattering,  radiation  capture,  the  emissicn  of  charged 
particles,  and  the  nuclear  fission  of  heavy  elements. 


During  elastic  scattering  the  kinetic  energy  of  neutrons 
will  be  redistributed  between  impinging  neutrons  and  nuclei  with 
which  the  suffer  collision;  with  this  the  energy  will  be 
redistributed  in  accordance  with  the  laws  of  classical  mechanics  - 
inversely  proportional  to  the  masses  of  the  colliding  particles. 
Thus  during  the  collision  of  a  neutron  which  possesses  energy 
E  with  a  nucleus  which  has  mass  M  the  recoil  energy  Er  can  be 
changed  from  zero  to  the  peak  value  determined  by  the  equation 

max .  {1,) 

The  average  energy  of  recoil  comprises  approximately  half  the 
maximum  energy;  for  instance,  during  neutron  scattering  by 
protons  (M  =  1)  the  average  energy  of  the  recoil  protons  is  equal 
to  half  the  energy  of  impinging  neutrons. 

During  inelastic  scattering  part  of  the  kinetic  energy  of 
the  neutron  is  spent  on  the  excitation  of  the  nucleus,  therefore 
the  neutron  in  such  a  process  loses  more  energy  than  during 
elastic  scattering. 

Both  the  examined  processes  of  interaction  are  characteristic 
mainly  for  rapid  and  partly  for  intermediate  neutrons.  As  a  result 
of  the  manifold  consecutively  flowing  scatterings  in  the  sub¬ 
stance  the  neutrons  are  slowed  down. 


In  order  to  describe  the  process  of  the  interaction  of 

neutrons  with  a  substance,  they  introduce  the  value  of  the 

effective  cross  section  of  the  nuclear  reaction  o,  being  expressed 

_ on  p 

either  in  square  centimeters  or  in  barns  (1  barn  =10  cm  )  - 
the  method  of  expressing  the  probability  of  the  course  of  the 
given  reaction.  The  numerical  value  of  magnitude  a  as  a  rule  does 
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not  agree  with  the  geometric  cross  section  of  the  nucleus  (cal¬ 
culated  on  the  basis  of  the  known  radius)  and  can  be  both 
considerably  less  and  much  more  than  it. 

When  a  neutron  collides  with  a  nucleus  and  is  implanted  in 
it  a  compound  nucleus  1:*-  formed.  If  such  a  process  flows  with 
the  participation  of  the  thermal  neutron,  then  in  most  cases  the 
excitation  energy  of  the  compound  nucleus  is  too  low  for  the 
emission  of  a  charged  particle;  therefore  nucleus  passes  over 
from  excited  state  Into  fundamental  by  means  of  de-excitation  of 
y-quanta.  On  this  foundation  such  a  process  is  called 
"radiation  capture." 

For  thermal  and  epithermal  neutrons  the  probability  of  the 
process  of  radiation  capture  is  determined  by  the  specific 
properties  of  the  nucleus.  In  general  the  value  of  o  is  inversely 
proportional  to  the  velocity  of  the  neutron:  ~(—  it)  .  Such 

a  relationship  is  conditioned  by  the  fact  that  the  duration  of  stay 
of  the  neutron  near  nucleus,  •  which  determines  the  probability 
of  an  interaction,  is  proportional  to  1/v.  However,  if  the  neutron 
energy  somewhat  exceeds  thermal,  then  another  process  called 
"resonance  capture"  becomes  more  probable.  In  the  range  of 
neutron  energy  0.1-1000  eV  the  dependence  of  the  magnitude  a  of 
radiation  capture  on  the  neutron  energy  E  for  many  elements  has  a 
clearly  expressed  maximum.  The  physical,  sense  of  this  phenomenon 
consists  of  the  following:  if  the  energy  of  excitation  of  the 
compound  nucleus  which  Is  formed  irom  the  bombarded  nucleus  and 
neutron  is  equal  to  the  energy  of  one  of  Its  quantum  quasi- 
statlonary  states,  then  reaction  cross  section  of  the  neutrons 
which  possess  precisely  this  energy  increases  a  thousand  times. 


The  nucleus  can  capture  a  fast  neutron  and  emit  a  charged 
particle.  Reactions  of  this  type  are  characterized  by  a  specific 
energy  threshold  of  neutrons  (specifically  it  can  be  equal  to 
zero).  With  an  energy  which  exceeds  threshold,  a  reactions 
practically  do  not  depend  on  the  neutron  energy.  For  the  emission 


12 


of  a  positively  charged  particle  (proton,  deuton,  or  a-partiele) 
from  the  nucleus  it  is  necessary  that  it  possess  sufficient  energy 
for  overcoming  the  binding  energy  in  the  nucleus  and  passage 
through  the  potential  Coulomb  barrier. 

The  nuclei  of  some  heavy  elements  (U2-'-,  U2^,  pu2^)  during 
the  capture  of  a  neutron  and  the  formation  of  an  excited  compound 
nucleus  do  not  return  to  the  ground  state  with  the  emission  of 
y-quanta  or  a  charged  particle,  but  decompose  into  two  fragments 
with  the  emission  of  several  excess  neutrons  (the  process  of 
division).  Since  the  values  of  the  relationship  of  the  content 
of  neutrons  and  protons  in  both  fragments  are  obtained  somewhat 
higher  than  mean  values  for  stable  nuclei,  many  fission  products 
prove  to  be  radioactive.  During  successive  radioactive  trans¬ 
formations  these  fragments  pass  over  into  a  stable  state,  y-quanta 
are  emitted  both  during  division  and  during  the  radioactive  decay 
of  the  fission  products  formed. 

Electromagnetic  Radiations 

The  electromagnetic  radiations  which  are  of  interest  during 
the  study  of  radiation  effects  in  u  substance  include  y-  and 
x-rays  and  bremsstrahlung  radiation. 

y -radiation  emerges  during  intranuicear  processes,  for  example, 
during  the  radioactive  decay  of  an  excited  nucleus  after  neutron 
capture.  Such  y-radiation  is  monoenergetic,  although  some  nuclei 
can  emit  Y-quanta,  and  not  from  one,  but  from  several  levels 
(the  nucleus  of  Co^°  for  every  event  of  y-decay  emits  two  y-quanta 
with  energies  of  1.17  and  1.33  MeV). 

Roentgen  rays  are  formed  during  the  interaction  of  charged 
high  energy  particles  with  a  substance.  They  appear  as  a  result 
of  two  effects.  The  first  effect  consists  of  the  destruction  of 
the  atom  of  the  target  by  an  incident  electron,  whereupon  the 
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atomic  electron  is  dislodged  from  the  shell  adjacent  to  the 
nucleus.  With  the  filling  of  this  shell  with  electrons  from 
adjacent  shells  arranged  further  from  nucleus  x-radiation  is 
emitted.  These  x-rays  have  a  discrete  spectrum  which  corresponds 
to  the  energies  of  transition  between  electronic  levels  in  the 
atom  of  the  irradiated  element.  The  second  effect  -  the  loss 
of  energy  by  electrons  during  slowing  down  in  the  Coulomb  field 
of  the  nucleus  -  gives  rise  to  the  generation  of  bremsstrahlung 
which  is  characterized  by  a  uninterrupted  energy  spectrum. 

A  number  of  sources  of  electromagnetic  radiation  exist.  The 
simplest  is  the  x-ray  tube  which  works  over  a  range  of  voltages  of 
50-200  kV.  High  flows  of  bremsstrahlung  when  using  adequate 
targets  can  be  obtained  in  electron  accelerators  (electrostatic 
generators,  betatrons,  and  others).  As  sources  of  y-radiation 
they  frequently  use  the  radioactive  isotopes  Co^°  (half-life 
5*3  years)  and  Cs1^  (half-life  30  years),  which  emit  y-quanta 
with  energies  of  1.25  MeV  (average)  and  0.66  MeV  respectively, 
and  also  the  spent  fuel  elements  [tvely]  (tb3/ju)  from  reactors  with  a 
large  neutron  flux.  Finally  a  y-source  of  high  intensity  is  the 
radiation  circuit  of  a  nuclear  reactor. 1 

The  process  of  absorption  of  electromagnetic  radiation  has 
its  characteristic  properties.  In  contrast  to  charged  particles 
electromagnetic  radiation  does  not  have  a  specific  path  length 
in  a  substance.  The  charged  particles  spend  their  energy  during 
manifold  successive  collisions,  i.e.,  in  small  portions;  electro¬ 
magnetic  radiation,  independent  of  the  mechanism  of  interaction 
with  the  atmosphere,  is  absorbed  in  one  event  and  is  finally  lead 
out  from  the  beam  which  is  disseminated  in  the  substance,  or  it 
is  scattered  and  changes  direction  of  movement,  whereupon  its 
energy  diminishes  (incoherent  scattering).  This  means  that  the 
number  of  y-quanta,  absorbed  in  a  layer  of  substance  with  a 

Sources  of  the  ionizing  radiations  are  examined  in  more 
detail  in  Chapter  V. 


hi, .  ^ 


thickness  dx  is  proportional  to  this  thickness  and  to  the  number 
of  y-quanta  incident  on  the  substance.  The  absorption  of 
electromagnetic  radiation  is  described  by  the  equation 

3  =  30e-*\  ( 5 ) 

where  ^fg  -  the  incident  radiation  intensity;  Cf  -  the  intensity  of 
radiation  after  passage  through  a  layer  of  substance  with  thick¬ 
ness  x;  y  -  the  linear  absorption  coefficient  in  the  given 
absorber. 


The  interaction  of  electromagnetic  radiation  of  not  very 
high  energies  (<10  MeV)  with  a  substance  of  small  atomic  number 
consists  almost  completely  of  the  interaction  with  electrons. 
Three  fundamental  processes  of  interactions  are  distinguished 
(Pig.  la,  b,  c). 


Pig.  1.  The  processes  which  flow  dur¬ 
ing  interaction  of  Y~radiation  with  a 
substance:  a)  photoelectric  absorp¬ 
tion;  b)  Compton  effect;  c)  formation 
of  electron-positron  pair. 


Scattered  Y-quanta 


> 
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Photoelectric  absorption.  This  phenomenon  makes  the 
fundamental  contribution  to  the  absorption  of  x-rays  and  y- 
radiation  of  low  energy.  During  photoelectric  absorption  the 
radiation,  interacting  with  a  bound  electron,  dislodges  (see 
Fig.  la)  it  from  the  atom  (usually  from  the  K-  or  L- level).  The 
kinetic  energy  of  the  dislodged  electron  is  equal  to  the  difference 
between  the  quantum  energy  of  radiation  hv  and  energy  Efi  of  the 
bond  of  the  electron  in  the  atom 

Ef-  ~hi  —  EB.  (6) 

The  vacant  place  which  remained  in  the  electron  shell  after  the 
emission  of  the  photoelectron  is  occupied  by  an  electron  from  an 
adjacent  shell;  in  this  case  a  new  vacant  place  is  formed  and 
the  process  is  repeated  many  times.  Such  electron  transfers  are 
accompanined  by  the  emission  of  quanta  of  characteristic 
(fluorescent)  x-radiation. 


The  effective  cross  section  of  the  interaction  of  this 
process  can  be  expressed  by  the  following  equation 


caz*K 


2* 


(7) 


where  K  -  empirical  constant;  hv  -  the  quantum  energy  of  radiation. 
From  equation  (7)  it  is  evident  that  photoelectric  absorption  is 
developed  most  strongly  in  heavy  elements  during  irradiation  by 
quanta  of  low  energy. 


Compton  effect.  This  phenomenon  consists  of  the  interaction 
of  Y~quanta  with  a  free  electron. 1  The  incident  y-quantum  transmits 


lUsually  the  energy  of  the  impinging  y-quantum  is  very  great 
as  compared  with  the  ionization  energy  of  the  atoms  of  the 
scattering  substance,  therefore  scattering  can  be  considered  as 
a  process  which  flows  with  the  participation  of  free  electrons. 
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part  of  its  energy  to  the  electron  which  escapes  at  an  angle  4> 
in  the  incident  direction  of  tne  y-quantum  (see  Pig.  lb).  The 
scattered  y-quantum,  having  lost  part  of  the  energy,  also  changes 
direction  of  movement  by  angle  0.  Energy  of  the  scattered  y- 
quantum  E*  is  bound  with  its  original  energy  Eq  and  angle  0  by 
the  approximate  relationship 


T  £q  (1  *“  CCS  ft) 


(8) 


The  y-quanta  scattered  as  a  result  of  the  Compton  effect 
interacting  with  substance,  continue  to  lose  energy  further.  The 
final  stage  of  their  disappearance  is  usually  photoelectric 
absorption.  The  energy  of  the  recoil  electron  Eg  is  practically 
equal  to  the  energy  difference  of  the  original  and  scattered 
Y-quanta. 

It  is  essential  to  note  that  during  the  Compton  effect  a 
Y-quantum  with  low  energy  transmits  to  the  recoil  electron  neglible 
energy,  whereas  a  Y-quantum  of  high  energy  can  transmit  to  the 
electron  almost  all  its  energy. 


The  formation  of  an  electron  -  positron  pair .  If  the  energy 

p 

of  the  Y-quantum  exceeds  1.02  MeV  (2ii!qC  ),  the  process  of  pair 
formation  is  possible  (see  Pig.  1c).  The  formation  of  pairs 
should  occur  in  the  Coulomb  field  of  the  nucleus.  The  energy 
difference  of  y-quantum  and  the  energy  which  corresponds  to  the 
rest  mass  of  the  pair  of  formed  particles  passes  over  into  the 
kinetic  energy  of  the  pair.  The  process  of  pair  formation  is 
accompanied  by  the  annihilation1  of  positrons  and  electrons,  during 
which  an  energy  of  2mQc  is  communicated  to  two  y-quanta  of 
annihilation  radiation  (each  with  an  energy  of  0.51  MeV). 


‘Annihilation  is  the  interaction  of  a  particle  and  anti¬ 
particle  which  is  accompanied  by  their  transformation  into  other 
particles,  whereupon  the  general  mass,  energy,  pulse,  and  charge 
of  the  system  are  preserved. 
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The  probability  of  the  process  of  pair  creation  increases 
proportionally  to  the  logarithm  of  the  energy  of  Y-quanta  and 

p 

the  square  of  the  atomic  number  (Z  )  of  absorber.  Therefore  this 
process  acquires  the  greatest  value  for  materials  containing 
heavy  elements. 

The  process  of  total  absorption  of  y-quanta  represents  the 
sum  of  all  three  effects:  photoelectric  -nosorption,  dominate 
for  x-rays  and  y-radiation  of  low  energy,  the  Compton  effect, 
which  has  the  greatest  value  for  Y-quanta  of  intermediate  energy, 
and  the  process  of  formation  of  an  electron  -  positron  pair,  in 
which  mainly  Y-quanta  of  very  high  energy  participate.  The 
relative  contribution  of  each  of  these  processes  for  water  and 
carbon  is  shown  in  Fig.  2a,  b. 
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Fig.  2.  The  contributions  of  the  photoeffect,  Compton 
effect,  and  pair  formation  to  the  mass  absorption 
coefficient  p/p  during  the  absorption  of  electromagnetic 
radiations  of  different  energy  for  water  a)  and  for 
carbon  b):  1  -  Compton  effect;  2  -  pair  formation; 

3  -  photoeffect;  4  -  total  absorption. 


BASIC  RADIOCHEMICAL  PROCESSES  TAKING 
PLACE  IN  POLYMERS  DURING  IRRADIATION 

The  effect  of  ionizing  radiations  gives  rise  to  such 
substantial  changes  in  properties  of  a  substance  that  these 
changes  acquire  noticeable  value  even^in  purely  technical 
applications  [4-8].  The  initial  cause  of  the  change  in  the 
properties  of  a  substance  during  interaction  with  high-energy 
radiations  is  the  onset  of  a  varying  kind  of  disarrangement  of 
structure  (defects  in  the  crystal  lattice  and  processes  induced 
by  radiation).  Today  the  following  conditional  classification 
of  such  disarrangements  has  been  accepted  in  the  general  sense 
of  the  word:  a)  vacant  sites  (vacancies);  b)  atoms  incorporated 
in  interstices  (intrusion);  c)  thermal  peaks;  d)  impurity  atoms; 
e)  the  effects  of  ionization  and  excitation;  f)  peaks  of  dis¬ 
placement;  g)  disarrangement  induced  by  collisions  during 
replacements.  Let  us  examine  briefly  the  fundamental  features  of 
the  disarrangement  of  the  indicated  types. 

Vacant  sites  (vacancies)  can  be  formed  during  the  collision 
of  fast  neutrons,  fission  fragments  of  nuclei  and  other  fast 
particles  with  atoms  in  the  crystal  lattice  of  the  substance. 

Usually  the  energy  of  the  recoil  atom  proves  to  be  sufficient  so 
that  during  subsequent  collisions  it  could  create  additional 
vacant  sites. 

Atoms  incorporated  in  interstices  (incorporation)  are  the 
atoms  which  were  displaced  from  equilibrium, ■ stable  positions 
in  the  lattice;  If  they  do  not  recombine  instantly  with  adjacent 
vacant  site,  then  they  can  remain  for  a  sufficiently  long  time 
in  an  intermediate,  unstable  position. 

Thermal  peaks .  The  disarrangement  of  a  structure  of  this 
type  is  conditioned  by  the  vibrations  of  lattice  points.  Vibrations 
appear  along  the  track  of  the  fragment  of  the  nucleus  which 
emerged  during  division,  or  of  a  charged  atom  (ion)  which  has 
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been  dislodged  from  its  place  in  the  lattice.  The  lifetime  of 
such  a  high-temperature  area  (with  a  temperature  of  about  1000°C) 
which  encompasses  several  thousands  of  atoms  can  comprise  10-^- 
-10-10  s. 

Impurity  atoms  are  formed  as  a  result  of  the  neutron  capture 
by  the  atomic  nuclei  of  the  initial  substance  or  as  a  result  of  the 
nuclear  fission  of  atoms  of  heavy  elements. 

The  effects  of  ionization  and  excitation  are  conditioned  by 
the  interaction  of  charged  particles  passing  through  the  substance 
with  the  atomic  electrons.  In  many  solids  ionization  and  excita¬ 
tion  are  accompanied  by  the  breaking  of  chemical  bonds,- by  the 
formation. of  free  radicals,  atomic  and  molecular  ions,  by  the 
appearance  of  color,  by  the  onset  of  nonsaturation,  etc.  These 
effects  are  most  characteristic  for  dielectrics,  ionic  crystals, 
glasses,  and  polymers. 

The  peaks  of  displacement  are  formed  in  the  final  section  of 
the  path  track  of  a  fast  moving  atom.  Calculations  show  the 
following  [9-10]:  when  the  energy  of  a  fast  moving  atom  becomes 
lower  than  a  specific  threshold  the  mean  length  of  the.  mean  free 
path  between  the  successive  collisions  which  cause  displacements 
approaches  in  order  of  magnitude  to  the  distance  between  atoms.  As 
a  result  every  collision  gives  rise  to  the  formation  of  a  displaced 
atom,  and  the  final  section  of  track  represents  an  area  which 
encompasses  several  thousands  of  atoms,  in  which  during  a  very 
short  time  the  local  melting  of  the  lattice  and  the  intensive 
movement  of  the  atoms  of  the  lattice  points  occur.  This  form  of 
disarrangement  is  apparently  important  only  for  heavy  metals. 

Collision  during  replacements.  If  a  collision  between  moving 
incorporated  atoms  and  the  atoms  of  the  lattice  point  leads  to  the 
knocking  out  of  the  latter  from  their  places  and  if  the  kinetic 
energy  of  the  ejected  atoms  is  insufficient  to  move  them  rapidly 
from  the  vacant  sites  formed  by  them  then  they  recombine  with 
these  vacant  sites,  scattering  their  kinetic  energy  in  the  form 
of  the  temperature  vibrations  of  lattice  [11]. 
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The  contribution  of  the  indicated  forms  of  disarrangements  of 
structure  to  the  final  change  in  the  properties  of  a  substance 
during  irradiation  is  not  identical  and  it  depends  strongly  both 
on  the  features  of  the  substance  itself  and  on  the  conditions  of 
irradiation,  especially  on  temperature.  The  latter  fact  is  con¬ 
nected  with  the  possibility  of  the  "annealing"  of  defects1  which 
substantially  weakens  the  effect  of  irradiation  in  solids.  The 
fundamental  forms  of  the  disarrangement  which  appear  during  the 
effect  of  radiation  of  high  energy  on  solids  are  shown  in  Pig.  3* 


Fig.  3.  The  fundamental  mechanisms  for  radiation 
disarrangements: -1-1-1  -  ionization;  □  -  the 
formation  of  vacant  sites;  x  -  displacement  in 
the  interstices;  a  -  impurity  atom;  n  -  path  of 
neutron;  1  -  the  path  of  particle  after  the  first 
collision;  2  -  the  same  after  the  secondary 
collision;  3  -  the  same  after  tertiary  collision. 


Of  all  the  forms  of  disarrangements  of  structure  indicated 
above  for  condensed  organic  systems  the  most  characteristic  are 
the  effects  of  ionization  and  excitation,  therefore  below  they 
will  be  examined  more  comprehensively  (see  also  [12-17]). 


lBy  annealing  is  understood  the  heat  treatment  of  a  material 
in  a  specific  temperature-time  regimen. 
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The  Peculiarities  of  Radiochemical  •  ,  1 

Processes  1  ! 

'  .  i  :  ‘ 

Radiochemical  processes  are  distinguished  in  principle  from 

i 

photochemical,  being  also  initiated  by  electromagnetic  rpdiation. 

This  is  manifested  ih  a  aeries  of  specific' features  caused  by 

*  | 

substantial  differences  in  energies, of  light 'quanta  and  ionizing 
radiations.  . 

! 

If  the  absorption  of  one  light  quantum  gives  rise  to  the 

primary  excitation  of  only  one-unique  molecule  of  substance,  then 

•  ,  »  * 
ionizing  radiation  (y-quantum,  high-dnergy  electron,  and.  others) 

spends  its  energy  in  the ' absorber  bymeahs  of .excitation  and 
ionization  of  a  large  number  of  molecules..  Under  the  photo¬ 
chemical  effect  the  excited  products  are  distributed  in  the  bulk 
of  the  irradiated  substance-randomly,  whereas  under  radiochemical 
they  are  localized  in  clots  along  the  track  of  the  ionizing  !  . 

i 

radiation  in  the  substance.  Finally  the  absorption  of  light 
quantum  converts  a  molecule  only  in  orte-unique  of  its  several 
possible  excited  states  while  the  passage  of  ionizing  radiation 
through  the  substance  can  be  accompanied  by  .the  conversion  of 
many  molecules  into  all  the  possible  excited  states  permitted  ( 
for  them,  and  also  by  the  -formation  of  molecular  ions.  ‘This  shows 

i 

that  the  initial  state  of  the  system  after  the  termination  of 
irradiation  is  substantially  more  complex  during  radiation 
exposure  than  during  photochemical.  !  i  , 

■»  !  i 

The  Distribution  of  pvents  of  Ionization  >  : 

and  Excitation: in  the  Bulk  of  the  f  i  . 

Irradiated  Substance.  s*  ,  ,  '  \ 

i 

•  '  I  i 

X-radiation  or  ,Y- radiation,  interacting  with  the  substance 
by  means  of  creation  of  an'  electron  -  positron  pair,  by  the 
mechanism  of  the  Compton  effect  or  photoelectric  absorption 
causes  the  formation  of  fast  elections  in  It.  :  The  direct 
irradiation  of  a  substance,  by  accelerated  electrons  is  naturally 


.  -i 


i 
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reduced  simply  to  their  introduction  into  the  irradiated  system. 
iHeavy  charged  particles  (protons,  a-partieles,  etc.)  lose  the 
greater  part  of  their  energy  in  the  irradiated  substance, 
accomplishing  ionization  and  molecular  excitation,  i.e.,  trans¬ 
forming  it  finally  into  the  energy  of  fast  electrons;  neutrons 
spend  their  energy  according  to  the  same  mechanism,  forming 
heavy  charged  particles  (recoil  atoms,  fission  products)  or 
generating  y-radiation  (radiation  capture). 

Thus  the  chemical  action  of  high-energy  radiation  is  almost 
completely  accomplished  by  rapid  electrons  independent  of  the  form 
'of  primary  radiation. 

True  the  nature  of  the  distribution  of  the  initial  events 
of  ionization  and  excitation  along  the  track  of  the  ionizing 
particle  in  the  irradiated  substance  to  a  certain  extent  depends 
on. its  individual  peculiarities. 

The  action  of  y-radiation  is  basically  reduced  to  the 

formation  of  Compton  electrons,  whereupon  the  points  of  primary 

ionization  are  sufficiently  far  apart  from  another.  For  practical 

purposes  it  is  possible  to  consider  that  Compton  electrons  are 

distributed  in  the  absorbing  substance  according  to  a  random  law. 

As  a  result  of  the  Compton  effect  and  photoelectric  absorption 

of  y-radiation  in  light  elements  fluorescent  x-radiation  of 

comparatively  low  energy  is  generated.  The  absorption  of  this 

radiation  is  accompanied  by  the  formation  of  photoelectrons  of 

low  energy  near  the  place  of  the  initial  event  of  interaction. 

» 

These  photoelectrons,  as  also  Compton  electrons,  generate  excited 
molecules  and  ions. 

i 

t 

The  interaction  of  fast  electron  with  a  substance  leads  to 
the  formation  of  secondary  electrons,  which  also  possess  a 
sufficiently  high  energy  and  are  capable  of  interacting  with 
atoms  or  molecules.  With  energies  below  100  eV,  but  higher  than 
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the  ionization  potential  of  atoms  of  the  absorbing  substance 
(-10  eV)  the  ionizing  and  excitation  events  proceed  at  a  very 

O 

small  distance  from  primary  ions  (10  A  in  the  condensed  phase), 
forming  clusters  or  clots  which  are  usually  called  spurs.  The 
spurs  formed  by  6-rays  are  closely  spaced  to  one  another  since 
their  energy  is  less  than  the  energy  of  primary  electrons. 

The  greatest  number  of  ionizing  events  in  substance  are 
caused  by  low-voltage  electrons;  their  energy  finally  falls  to  a 
value  lower  than  the  ionization  potential  of  the  medium  and  they 
can  now  cause  only  excitation.  With  the  lowering  of  the  energy 
of  the  electron  to  still  lower  values  (lower  than  the  minimum 
excited  level  of  the  absorbing  substance) it  is  able  to  cause  only 
intraatomic  vibrations.  When  the  energy  of  the  electron  is 
lowered  to  the  thermal  level  (-0.025  eV)  it  is  seized  by  a  positive 
ion,  as  a  result  of  which  a  highly  excited  molecule  is  formed. 

On  the  basis  of  the  described  process  of  the  loss  of  energy 
the  track  of  a  fast  electron  can  be  presented  in  the  form  of  a 
successive  series  of  small  randomly  arranged  spurs  divided 
by  intervals.  Tracks  of  5-particles  present  an  analogous  sequence 
of  spurs  which  are  formed  according  to  random  law,  but  arranged 
closer  to  each  other. 

The  nature  of  the  tracks  of  heavy  charged  particles  differs 
somewhat  from  that  described  above,  since  the  events  of  primary 
ionization  along  the  path  of  the  particle  occur  at  •  con¬ 
siderably  closer  distances  to  one  another.  The  points  of  primary 
interactions  are  arranged  so  close  that  they  can  be  considered  as 
a  solid  column  filled  with  ionized  and  excited  molecules.  Tracks 
of  secondary  6-rays  which  possess  basically  low  energy  are 
branched  from  such  a  column. 

During  passage  through  a  substance  the  velocity  of  ionizing 
particles  is  gradually  lowered,  the  density  of  ionization 


created  by  them  increases,  and  spurs  are  formed  at  increasingly 
closer  distances  to  one  another.  Close  to  the  end  of  the  tracks 
the  ionization  density  increases  very  strongly  as  a  result  of 
the  Bragg  effect.  Slowed-down  heavy  particles  are  captured  by 
electrons  and  are  neutralized. 

Primary  Radiochemical  Processes 

The  fundamental  primary  result  of  the  effect  of  radiation  of 
high  energy  on  a  substance  is  ionization  and  excitation  of  atoms 
and  molecules,  whereupon  both  the  ionized  and  excited  molecules 
can  generate  free  radicals.1 

Schematically  the  processes  of  ionization  and  excitations 
can  be  presented  in  the  following  manner:2 

M* - M+  +  e~,  ( 9 ) 

M - M»+  +  2e~, 

M M*.  (11) 

The  positive  ions  which  are  formed  in  the  track  or  spurs  should 
finally  be  neutralized.  The  probability  of  the  formation  of 
negative  ions  in  a  medium  of  hydrocarbons  as  a  result  of  the 
"adhesion"  of  an  electron  to  a  neutral  molecule  is  sufficiently 
small  and  it  does  not  have  to  be  considered. 

In  general  primary  ionization  leads  to  the  formation  of 
molecular  ion  either  in  the  normal  or  excited  state.  If  the  ion 
was  formed  in  the  excited  state,  then  it  can  dissociate  up  to 
recombination 

M+*  -  A+  +  B.  (12) 

xFree  radicals  ore  molecules  or  atoms  containing  an  unpaired 
electron  and  possessing  high  reactivity  because  of  this. 

2 In  the  given  reactions  the  small  zigzag  arrow  designates 
the  interaction  of  molecule  M  with  the  ionizing  radiation,  and 
the  mark  *  designates  the  excited  state. 
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where  A+  and  B  can  be  the  ion-radical  and  the  free  radical  res¬ 
pectively.  Dissociation  can  also  flow  according  to  the  mechanism 
of  molecular  disproportionation  with  the  formation  of  a  molecular 
ion  and  the  molecule 

;.i+*  -  m}-  +  Aij.  (13) 

One  of  molecules  or  M2  is  unsaturated. 

In  a  system  containing  molecules  of  two  types  the  molecular 
ion  can  be  interchanged  in  charge  with  a  molecule  which  has  a 
lower  ionization  potential: 

M+.+A-A++M.  Q4) 

With  the  recombination  of  the  ion  with  an  electron  a  molecule 

is  formed  which  is  found  in  a  highly  excited  state. 

The  behavior  of  doubly  charged  ions  in  a  condensed  system 
can  be  developed  in  one  of  two  directions.  The  first  consists  of 
the  splitting  of  the  ion  into  two  fragments,  each  of  which  is  a 
positive  ion  (the  realization  of  this  direction  facilitates  the 
repulsion  of  both  positive  charges) 

-  A+ +•  B+.  (15) 

The  second  direction  is  reduced  to  the  exchange  reaction  of  charges 
which  leads  to  the  formation  of  two  singly  charged  molecular  ions 

+  2M+.  (16) 

This  reaction  can  flow  in  the  case  when  the  ionization  potential 

2+ 

of  formation  of  M  more  than  doubles  the  ionization  potentail 
of  formation  of  M+. 

The  molecular  excitation  during  the  action  of  ionizing 
high-energy  radiation  can  occur  by  two  paths.  The  first  is  the 
already  mentioned  process  of  the  neutralization  of  positive  ions 
by  electrons  or  negative  ions  with  the  formation  of  molecules  in 


a  state  of  high  excitation.  The  second  is  the  direct  molecular 
excitation  during  the  interaction  with  high-energy  particles. 

The  molecule  is  excited  not  in  its  separate  parts,  but  as  a  whole, 
whereupon  in  large  molecules  the  subsequent  reaction  of  its 
transformation  can  flow  in  a  sector  which  is  considerably  distant 
from  the  place  directly  affected  by  the  exciting  particle. 

One  ought  to  keep  in  mind  that  the  original  excitation 
emerges  mainly  in  electron  levels,  and  the  breaking  or  reconstruc¬ 
tion  of  the  bond  of  the  molecule  assumes  the  transmission  of  this 
energy  to  vibration  levels.  Therefore  precisely  the  probability 
of  the  transmitting  of  electron  excitation  to  vibration  levels 
also  determines  finally  the  direction  of  processes  proceeding 
in  the  excited  molecule. 

The  excitation  energy  can  also  be  transmitted  from  some 
molecules  to  others. 

The  Secondary  Radiochemical  Processes 

The  secondary  processes  follow  the  events  of  primary 
ionization  and  excitation  and  condition  the  final  changes  in  the 
chemical  structure  of  the  irradiated  system. 

Excited  molecule  M*,  feruled  as  a  result  of  the  event  of  the 
primary  excitation  or  recoml .nation  of  an  ion,  can  dissociate 
into  two  radicals  or  into  two  molecular  fragments 

M*- R-t-rR-1,  (17) 

.\r ..  M,  J. ,M,.  (18) 

Part  of  the  excitation  energy  can  be  converted  into  kinetic  energy 
of  the  products  of  dissociation.  The  radicals  which  possess 
high  kinetic  energy  are  usually  called  "hot.” 

If  the  excited  molecule  M#  dissociates  into  molecular 
fragments,  then  the  final  products  of  the  interaction  of  ionizing 
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radiation  with  a  substance  (radiolysis)  are  also  molecules.  If 
the  process  of  dissociation  into  radicals  occurs  then  the  free 
radicals  formed  can  enter  into  reactions  of  the  following  funda¬ 
mental  types: 

1.  The  reactions  of  recombination.  These  reactions  flow 
mainly  in  spurs  where  the  concentration  of  free  radicals  is 
very  high: 


R-i  +  R-.-M,  (19) 

R\r  +  R*y*  M*.  (20) 

The  reaction  (19),  reverse  of  reaction  (17),  describes  the  pro¬ 
cess  of  the  recombination  of  free  radicals  and  leads  to  the 
formation  of  the  initial  molecule  M,  l.e.,  it  does  not  cause 
chemical  changes  in  the  system  being  irradiated.  Reaction  (20) 
describes  the  process  of  the  interaction  of  two  free  radicals, 
as  a  result  of  which  a  new  molecule  Mg  which  is  different  from 
the  initial  is  formed.  The  activation  energy  of  the  process  of 
the  recombination  of  radicals  is  usually  very  low  (and  in  a 
number  of  cases  it  is  equal  to  zero),  but  the  influence  of  steric 
factors  can  strongly  decrease  the  probability  of  the  course  of 
this  process.  The  concentration  of  free  radicals  and  their 
mobility  are  also  important  factors. 

2.  The  reactions  of  disproportionation.  Reactions  of  this 
type  usually  flow  with  the  transmission  of  an  atom  of  hydrogen. 

For  instance,  two  ethyl  free  radicals,  uniting  according  to 
reaction  (20),  can  form  a  molecule  of  butane 


+  C«Hm  (21) 

or  disproportionate  with  the  formation  of  ethylene  and  ethane 

CsH-»  +  C=H-,-  C.H,  K*H».  (22) 

The  activation  energy  of  such  reactions  is  small,  whereupon  they 
are  strongly  exothermic  as  a  result  of  the  liberation  of  the 


extra  energy  which  is  freed  during  the  formation  of  double  bond. 
The  reaction  of  disproportionation  can  also  flow  during  the 
interaction  of  the  other  various  free  radicals. 

3.  The  substitution  reaction.  Free  radicals  can  enter 
into  reactions  with  molecules  of  unsaturated  compounds  (both  . 
directly  in  the  spur  and  also  beyond  its  limits)  with  the  trans¬ 
formation  of  this  molecule  into  the  free  radical 


R-  +  Mil  -  M-  h RH.  (23) 

The  values  of  the  activation  energy  of  reactions  of  this  type  are 
5-10  Cal/mole,  i.e.,  the  necessary  condition  for  their  flow  is 
the  exothermicity  of  the  process .  The  interaction  of  radical  M 
with  the  molecules  MH  in  reaction  (23)  would  not  bring  any 
changes  into  the  system.  Therefore  the  radicals  M* disappear 
during  the  recombination  of  radicals.  Specifically,  reaction 

M--KM.-MM  (21} ) 

lies  at  the  basis  of  the  process  of  dimerization  which  is 
frequently  observed  during  irradiation. 

Besides  those  indicated,  several  other  reactions  of  free 
radicals  are  possible,  namely:  dissociation,  i.e.,  the  decom¬ 
position  of  radicals  with  the  formation  of  new  smaller  radicals 
and  molecule,  the  addition  reaction  of  radicals  to  the  double 
bond  of  an  unsaturated  compound,  the  reaction  of  isomerization  of 
a  radical,  i.e.,  its  intramolecular  reorganization  with  the 
change  of  position  of  free  valence,  and  others. 

Ionic-molecular  and  free-radical  reactions  will  be  examined 
more  comprehensively  in  Chap.  II. 
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the  peculiarities  of  action  of 

IONIZING  RADIATIONS  ON  POLYMERS 

The  substantial  difference  In  the  behavior  of  low-molecular 

and  high-molecular  organic  compounds  during  irradiation  amoun 

“  the  fact  that  the  physical  properties  of  polymers  depend^^ 

strongly  even  on  small  changes  In  chemical  struc  u 

to  cause  the  noticeable  changes  in  the  hydrocarbon  molecule, 

containing,  for  example,  20  chemical  bonds,  it  is  necessary  - 
contain  ng,  r  their  total  number.  In 

to  change  at  least  one  bond,  i.e.,  5%  o 

^rrirr rs  ri" 

rnll^trc^eally  for  example. 
Viscosity,  elasticity,  solubility,  etc. 

During  the  Irradiation  in  polymers  both  reversible  and 
irreversible  changes  of  properties  can  occur. 

The  primary  action  of  radiation  Is  reduced  Wionltatlon 
and  excitation  of  atoms  and  molecules  which  form  the  ^ 
material  whereupon  both  these  processes  can  lead  to  dissociati 
“d  the  breaking  of  chemical  bonds  with  the  formation  of  ions  and 
free  radicals.  Further  the  secondary  processes  represent  the 
result  of  the  interaction  of  activated  fragments  “f  molecuies 
with  each  other  and  with  the  molecules  of  the  irradiated 
substance  not  affected  by  radiation  [*].  »-rsib 
in  properties  are  conditioned  by  the  presence  in 
basically,  of  the  initial  products  of  the  interac  1 
tlon  with  the  substance,  whereas  irrever, Bible  changes  are 
result  of  those  chemical  transformations  which  occurred  after  t 
completion  of  the  reactions  between  the  inltiai  products  and  the 

surrounding  medium. 

Reversible  processes  in  the  first  place  are  beduced  to  the 
appearance  of  the  induced  (or  radiation)  electroconductivity 
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well  as  to  the  appearance  of  properties  analogous  to  the  pro¬ 
perties  of  semiconductors;  these  processes  gradually  disappear 
after  termination  of  irradiation. 

Irreversible  processes  are  connected  mainly  with  the  chemical 
changes  in  the  irradiated  system  and  they  are  reduced  basically  to 
the  following  effects. 

1.  Cross-linking  -  the  formation  of  cross  carbon-carbon 
bonds  between  the  macromolecules  of  a  linear  or  branched  polymer; 
this  process  leads  to  an  increase  in  molecular  weight,  the  forma¬ 
tion  of  a  gel  fraction  (the  insoluble  part  of  the  polymer)  which 
has  a  steric  structure,  and  to  the  corresponding  change  in  the 
p'nysicomeehanical  and  other  properties  of  the  polymer. 

2.  Degradation  -  the  breaking  of  the  main  chain  of  the 
polymer  molecule;  this  process  leads  to  a  decrease  in  molecular 
weight  of  the  polymer  and  a  change  in  other  properties  in  the 
direction  contradictory  to  that  proceeding  during  cross-linking. 

i 

Gas  evolution  (low-molecular  products)  -  as  a  result 
of  degradation,  dehydrogenation,  and  the  breakaway  of  side  chains 
of  a  macromolecule  hydrogen  and  some  low-molecular  hydrocarbons 
are  liberated. 

Change  In  the  degree  of  nonsaturation  -  the  disappearance 
and  formation  of  different  types  of  double  carbon-carbon  bonds. 

5.  The  formation  of  intramolecular  bonds  (cyclization) . 

6.  Oxidation,  leading  to  the  formation  of  peroxides, 
hydroperoxides,  and  other  products. 

7.  Dimerization  and  polymerization,  including  graft 
copolymerization  and  others. 
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Along  with  irreversible  chemical  changes  there  are  changes 
in  some  physical  properties  for  example,  the  degree  of 
crystallinity,  the  index  of  fluidity  of  a  melt,  capacity  for 
crystallization  from  a  melt,  deformation  characteristics,  optical 
and  thermophysical  properties,  etc. 

The  reversible  effects  are  determined  in  the  first  place 
by  the  power  of  the  absorbed  radiation  dose,  whereas  irreversible - 
by  the  absorbed  radiation  dose. 

The  changes  in- the  properties  of  polymers  during  irradiation 
are  examined  in  detail  in  Chap.  II. 
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CHAPTER  II 

RADIATION  CHEMISTRY  OF  POLYMER  SYSTEMS 

MECHANISMS  OF  RADIOCHEMICAL 
REACTIONS 

The  absorption  of  energy  of  incident  radiation  in  the 
initial  events  of  ionization  and  excitation  can  be  considered 
as  a  purely  physical  process.  The  distribution  of  the  separate 
portions  of  the  absorbed  energy  in  the  thickness  of  the  irradiated 
substance  answers  to  the  law  of  chance  (on  the  condition  that 
dE/dx  is  small  within  the  limits  of  the  thicknesses  of  the 
substance  in  question)  and  does  not  depend  on  the  chemical 
structure  of  the  given  substance.  At  the  same  time  the  majority 
of  end  reactions  which  are  realized  during  the  interaction  of 
the  initial  products  of  radiolysis  with  each  other  and  with 
molecules  of  substance  not  affected  by  radiation  are  very  specific 
for  the  determined  chemical  groupings. 

Therefore  along  with  the  examination  of  the  change  in  the 
properties  of  polymers  under  the  influence  of  radiation  there 
is  doubtless  interest  in  a  comparison  of  these  changes  with  the 
transformation  of  chemical  structure,  and  also  the  study  of  the 
mechanisms  of  reactions  which  lead  to  such  a  transformation. 
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Any  chemical  reactions  in  irradiated  Dolymers  flow  with 
the  participation  of  the  following  reaction-caoable  formations: 
free  radicals,  ions,  and  molecules  which  are  found  in  the  state 
of  electron  excitation  (excited  molecules)  [19-2^].  Only  the 
free  radicals  are  responsible  for  the  after-effects  flowing  in 
irradiated  polymers  since  the  lifetime  of  ions  and  excited 
molecules  is  substantially  less. 

Reactions  Which  Plow  with  the 
Participation  of  Ions  and 
Excited  Molecules 

It  is  very  difficult  to  draw  a  boundary  between  the  pactions 
caused  by  ions  (the  so-called  ionic-molecular  reactions)  and 
those  initiated  by  excited  molecules. 

The  distinguishing  features  of  ionic-molecular  reactions 
are:  low  temperature  coefficient;  weak  influence  of  phase 
state;  the  yield  of  specific  reaction  products  which  are  different 
from  the  products  of  free-radical  reactions;  insignificant 
influence  of  the  acceptors  of  free  radicals  on  the  yield  of 
reaction  products  and  an  increase  in  yield  in  the  presence  of 
electron  *raps  (for  instance,  double  bonds);  correlation  with  the 
yields  of  reactions  which  flow  in  the  ion  chamber  of  a  mass- 
spectrometer. 

In  work  [25]  it  has  been  shown  that  as  a  result  of  ionic- 
molecular  reactions,  which  can  be  endo-  and  exothermic,  various 
products  are  formed: 


HC++  ch,  -  H. HC— c+, 
II  II 


II.  II 

CH.  +  CH,~  -  H,  +  1  iC— CH+ 

II  II 


£  =  -j-  0,036  eV 
£=*  —  2,58  eV 
£  —  -*-  0,2-1  eV 


(25) 

(26) 
(27) 
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CI!;  +  CH^CH-+<W 


E  - 1  ~  0 


— CH-CII  t~.CH. -hCHiCH  -=-•  CH.  -  -CHCH  .= 
•=  CH.  -r- CHiCHCH,,  £=■.+  0,23  eV 


-CH,CHCH-  CH.  =  CHCH»~» 

CH, 

£=—0,01  eV 


CH  f  I 

1  -  H*-,t-CH+ 

CH.  3 

:  CH 

I 


£  =—0,105  eV  (ois)  (31) 
£~  —  o.us  ey  (trans)  (32) 


The  energy  balance  of  these  reactions  has  been  evaluated  taking 
into  account  the  values  of  ionization  potential  [26]  and  the 
bonding  strength  [27,  28]  in  the  gaseous  phase.  Therefore  the 
applicability  of  the  indicated  values  in  the  case  of  a  solid 
or  liquid  chase  is  doubtful. 

The  sequence  of  ionic-molecular  reactions  of  cross-linking 
can  be  presented  in  the  following  manner 

— CH* - CH£+e  («) 


— CH. - H-  -{-  HC-+  -f-e 

I 

Then  reaction  (26)  flows  when  free-radical  gre aping  exists,  or 
reaction  (25).  Other  possible  sequences  have  been  proposed 
in  work  [29]  for  pentane  and  in  work  [30]  for  polyethlene 

-CH.-CHi-CH* - CH.CHsCH*-  -f  e;  (35) 

— CHsCHjCHj—  -f  -C.HiCH.CHi - CHCHjCH,—  4- 

t.  —CH*CHCHt—;  V  3  1 

e  -}-  -  CHjCHjCH. - CHiCHCH,— J-H*  (  o7  \ 


t 


mmwmsmmmmwrn 


i  » 

The  free  radicals  wh'ich  were  formed  , iri  reactions  (36)  and  (37) 
then  recombine  forming  a  cross  bond.  Such 'a  sequence  of  reactions 
is  completely  satisfactory. ibecause  in  it  mechanisms  have  been 
provided  by  which  the  molecules .scatter  the  high  energy  of 

i  1  i 

neutralization  up  to  the.  levei  of  thermal  energy  without  breaks 

in  the  chain,  and  two  free  :radi cals  are  formed  in  a  convenient  1 

position  for  the  flow  of  reactions  of  cross-linking.  !  Since  the 

bond  length  C-C  is  efjual  to  l'«54  &  and  the  nearest  distance  , 

between  atoms  of  carbon  which  belong  to  adjacent  chains  in  the 

crystal  of  polyethylene  is  equal  to  *J.;6  X,  the  mechanism  in  1 

which  two  adjaceht  atoms  of  carbon  of  different'  chains  in  a 

.  ! 

solid  polymer-  can  approach  sufficiently  close  and  form  a  covalent 

'  •  i 

bond  is  quite  important.  Furthermore  the  product  of  any  ionic- 

i  '  » 

molecular  reaction  is  an  ion,  and  finally  it  should  be  neutralized 

and  the  energy  of  neutralisation  -  scattered.  Although  reaction 

«  ,  ‘  } 

i  •  1 

f ,  _ 

cn^-i-CH,1. CHt.fCH-,  ‘  .  (38)^  i 

*  1  *  1 
•  t 

i  .  ’ 

and  is  observed  ,in  a  mass-spectrometer,  it  -is  idoubtful  that  such 
a  reaction  with  the  partiefpatibn  of  high-molecular  ions,  for 
example  ,  ;  ‘  ,  ,  :  ,  ■. 

•*  ;.j  +C8H2aj.|  >  (  39  ) 

•  ■  1  : 

can  flow  in  solid  polyethylene.  If  Reaction  (25)  is  continued 
by  a  chain  mechanism,  crossTlinkages  are  no:  longer  formed 

.  i 

according  to  random  law,  and  the  theories  of  Flory.  [31], 

Stockmayer  [32],  and  Charlesby  [33]  are  inapplicable. 

•  <  i  1 

Sufficient  proo£  of  thd  flow  of  ionic-molecular  reactions 
exists  and  not  only  in  polymers  hut.  also  in  ^ow-molecular  , 

compounds  [3*1-39].  . 

*  '  i  : 
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It  has  been  established  [40],  that  during  the  irradiation 
of  ri-l-hexadecene  the  values  of  radiochemical  yields  of  hydrogen 
G(H2)  and  trarjs-vinylene  groups  Gtq  are  Identical  and  practically 
do  not  depend  on  temperature,  phase  state,  and  the  presences  of 
acceptors  of  free  radicals.  This  has  also  been  established  for 
other , low-molecular  hydrocarbons  and  polymers  C  3^—39  3 . 

1  In!  work  [40]  it  has  been  shown  that  independent  of  the 
site  of  original  ionization  in  a  molecule  of  n-l-hexadecene 
the  positive  charge  will  probably  migrate  rapidly  along  chain 
to  the  vinyl  double  bond,  near  to  which  it  will  be  found  in  a 
more  stable  energy  state.1 

:  In  recent  years  works  have  appeared  which  deal  with  the 

study  of  radiation  low-tempera'cure  polymerization  flowing  accoiding 
toi  ionic  mechanism.  It  has  been  established  that  during  the 
transition  from  usual  temperatures  to  low  the  mechanism  of 
radiation  polymerization  in  a  liquid  usually  changes  from  radical 
to  ionic-cationic  or  anionic  depending  on  the  properties  of  the 
monomer  and  nature  of  the  reaction  medium.  The  carbonium 
mechanism  for  radiation  low-temperature  polymerization  has  been 
established  for  styrene,  isobutylene  [42,  43],  butadiene,  and 
other  monomers,  and  carbanion  -  for  acrylonitrile  [44-46].  It 
has  been  stated  [43]  that  the  initiating  particle  during  radia¬ 
tion  polymerization  of  isobutylene  is  the  positive  ion  of  iso¬ 
butylene  (CH^^C*;  in  this  case  a  sharp  increase  In  yield  is 
observed  in  the  presence  of  powder-like  inorganic  additions. 


Positive  ions  can  migrate  to  a  double  bond  since  the  positive 
charge  of'  a  molecular  ion  in  the  case  of  a  double  bond  has  an 
energy  state  approximately  20  cal/mole  lower  than  in  the  case  of 
its  localization  along  the  main  chain;  this  has  been  evaluated 
on  the, basis  of  the  measurement  of  the  ionization  potential  of 
gaseous  butane  and  n-butene  [4l], 

i 
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In  the  studies  of  Soviet  [411-46],  and  also  Japanese  scientists 
[47,  48]  the  decisive  influence  of  the  reaction  medium  on  the 
mechanism  of  radiation  low- temperature  polymerization  of 
acrylonitrile  has  been  shown.  The  anionic  reaction  mechanism 
will  be  realized  only  in  a  medium  of  substances  of  a  clearly 
expressed  electron-donor  nature. 


In  work  [43]  it  has  been  shown  that  in  the  radiation 
chemistry  of  branched  hydrocarbons  a  large  role  is  played  by 
the  exothermic  processes  of  the  dissociation  of  ions.  For 
instance,  for  the  radiolytic  degradation  of  the  chain  of  poly¬ 
propylene  there  are  two  possibilities: 


CH,  CH,  CH, 

I  "  I  ! 

-CHi— C— CH,— e — CH, - -  — CHj— C++ 

1*1  I 

H  H  H 

CH* 

I 

-|-CH,~C— CH,—  —t 

k 


and 


(40) 


CH,  CH, 

—  — CH.-C—CH  jH'  C  — CH* — |-  e 


H 


H 


(41) 


The  ion  which  is  formed  in  reaction  (41)  is  orobably  reconstructed 
into  the  more  stable  ion  of  the  tert- butyl  radical: 

CH,  CH, 

~ CH,-C-CH;  .  -CH,— CK-CH,  (42) 

H 


Since  reactions  ('!1)  and  (42)  are  less  endothermic  (by  1.2  eV), 
they  should  predominate  as  compared  with  reaction  (40). 
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In  the  case  of  the  flow  of  ionic-molecular  reactions  the 
subsequent  stages  are  the  stabilization  of  the  products  formed 
and  the  neutralization  of  ions.  It  is  assumed  that  the  groups 
with  increased  energy  level  which  are  formed  during  neutralization 
scatter  the  excess  of  energy  by  its  transformation  into  the 
thermal  energy  of  the  surrounding  molecules  as  a  result  of  the 
Frank-Rabinovich  cage  effect.1 

There  are  data  on  the  transfer  of  energy  from  groups  which 
are  found  in  the  state  of  electron  excitation  to  other  groups, 
however,  the  chemical  reactions  which  flow  with  the  participation 
of  excited  molecules  have  been  studied  to  a  lesser  degree  than 
ionic-molecular.  This  is  connected  with  the  difficulty  of  the 
direct  Identification  of  excited  products,  especially  in  the 
condensed  phase,  and  also  with  the  short  lifetimes  of  molecules 
in  excited  states. 

A  reaction  which  flows  with  the  participation  of  excited 
molecules  can  be  examined  in  the  following  example. 

During  the  irradiation  of  the  polyethylene  Marlex-50  the 
rapid  disappearance  of  vinyl  and  also  vinylidene  unsaturated 
states  is  observed.  Since  the  concentration  of  such  groupings 
in  the  polymer  is  substantially  less  than  CH2  groups,  and  the 
absorption  of  energy  of  radiation  by  various  groups  is  equi- 
probable,  it  is  proposed  that  this  has  been  conditioned  by 
the  transfer  of  the  energy  of  electron  excitation  to  double 
bonds  [3*0. 


lf]?he  essence  of  this  effect  lies  in  the  fact  that  during  the 
Irradiation  of  a  substance  In  liquid  and  solid  states  the  free 
radical  (or  the  excited  particle  formed  in  the  spur)  turns  out 
to  be  as  If  imprisoned  "in  a  cage"  close  to  the  site  of  forma¬ 
tion  as  a  result  of  collision  with  the  surrounding  molecules  of 
liquid  (for  solids)  or  as  a  result  of  the  insufficient  mobility 
of  the  free  radicals  and  excited  particles  participating  in 
the  reaction. 
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The  mechanism  for  the  disappearance  of  vinyl  groups  is 
the  reaction  of  end  cross-linking  [35],  namely: 

— CH;CH  -  CH, - CH;CHCH.- 

— CHdCHCKrf-CH.OlJCH, — 

— CIf.CHCH- — 

"  t 

-CH.CS'CH, 

or  the  final  product  is 

— CHjCHCHj— 

-CH.CH.CH, 

Furthermore  it  is  supposed  that  the  disappearance  of  vinylene 
nonsaturation  also  occurs  with  the  participation  of  excited 
molecules  and  leads  to  the  reaction  of  cross-linking 

-CHJCH  =  CHCH, — --  -CHtCHCHCrV-  ( ij  6 ) 


(44) 


(45) 


— CH;CHCHCH* — J — CHjCHjCH*—- 


(47) 


-  — CHsCHCH.CH.— 
I 

-CHjCHCH,- 


(48) 


In  reactions  (43-48)  a  biradical  (triplet  state)  participates 
which  is  characteristic  for  any  molecule  in  the  state  of  excita¬ 
tion  (electron). 

In  works  [49,  50]  it  has  been  shown  that  the  regularities 
of  the  accumulation  and  disappearance  of  vinyl  groups ■ during 


40 


the  irr„  iafcion  of  polyethylene  at  low  temperatures)  the  forma¬ 
tion  of  "illyl  radicals  and  a  system  of  conjugated  double  bonds, 
and  also  the  lowering  in  their  yield  by  means  of  the  addition 
of  benzene  and  toluene  confirm  i  substantial  role  of  the 
migration  of  the  energy  or  charge  during  the  irradiation  of 
polyethylene. 

The  lifetime  of  molecules  in  the  state  of  electron  excita¬ 
tion  is  very  short  and  electron  transitions  occur  very  rapidly; 
for  instance,  an  electron  passes  over  from  a  normal  state  into 
excited  in  a  time  substantially  less  than  one  vibration  period 
of  a  molecule  (Franck-Condon  principle).1  With  the  removal 
of  the  atom  of  hydrogen  from  the  molecule  of  the  polymer  it 
will  take  away  practically  all  the  excess  energy  in  the  form  of 
kinetic  -  it  will  become  a  "hot  atom."  Such  atoms  can  participate 
in  further  reactions  even  at  low  temperatures.  In  this  case 
the  reactions  can  be  written  in  the  following  manner: 

RH* -»  R-  +  H*,  (i49) 

H*~rKH~  H,  |  R.,  (50) 

where  the  asterisk  designates  the  atoms  which  possess  the  excess 
of  energy.  The  large  yield  of  free  radicals  during  the  irradia¬ 
tion  of  crystalline  polyolefins,  for  example  the  polyethylene 
Karlex-50  [23,  51]  at  a  temperature  of  -196°C,  confirms  the 
course  of  reactions  (49)  and  (50). 

^le  Franck-Condon  principle  consists  of  the  following: 
the  time  in  which  electron  transitions  are  accomplished  (as  a 
result  of  their  high  speed)  proves  to  be  considerably  less  than 
the  time  necessary  for  any  noticeable  change  in  the  distance 
between  the  nuclei  of  the  vibrating  atoms  in  the  molecule. 
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If  the  excited  state  is  metastable  then  the  electron  con¬ 
verts  to  the  lower  excitation  level  or  to  the  ground  level  in 
■vlO-9  s. 

Free-Radical 

Reactions 

The  presence  of  free  radicals  in  polymers  both  during  irradia¬ 
tion  and  after  is  proved  by  the  results  of  the  study  of  the 
superfine  structure  of  the  spectra  of  electron  paramagnetic  resonance 
[19-24].  Furthermore  after  irradiation  at  low  temperatures 
the  free  radicals  captured  in  the  polymer  can  be  detected 
chemically  by  many  methods.  During  or  immediately  after  heating 
to  room  temperature  it  is  possible  to  observe  the  following 
reactions:  oxidation  [52],  the  initiation  of  polymerization 
[53],  the  isotonic  interchange  of  hydrogen  [54,  55],  an  increase 
in  the  yield  of  cross-linking  after  the  annealing  of  the  irradiated 
polymer  at  elevated  temperatures  [35],  liberation  of  HC1  from 
irradiated  polyvinyl  chloride  at  elevated  temperatures  L56], 
the  acceleration  of  the  disappearance  of  vinyl  nonsaturation 
[35].  There  are  proofs  [57]  that  during  heating  a  reaction 
occurs  between  molecular  hydrogen  and  polyethylene  Marlex-50 
irradiated  at  low  temperature.  In  other  words,  after  irradia¬ 
tion  hydrogen  is  not  liberated,  but  it  is  absorbed  by  the 
polymer,  i.e.,  it  is  connected  to  free  radicals. 

With  an  increase  in  the  dose  of  irradiation  the  concentration 
of  free  radicals  does  not  increase  linearly  but  it  approaches 
a  certain  limiting  value.  At  this  stage  the  rate  of  disappearance 
of  free  radicals  not  in  all  cases  is  equal  to  the  rate  of  their 
accumulation,  since  in  the  area  of  very  high  doses  even  with  the 
stopping  of  irradiation  the  free  radicals  are  not  expended 
for  a  certain  period  of  time. 


In  works  [19,  23,  58]  an  investigation  is  made  of  the 
kinetics  of  disappearance  of  radicals  by  the  method  of  electron 
paramagnetic  resonance  [EPR]  (3I1P).  At  small  exposure  dose  two 
types  of  radicals  were  uncovered.  One  of  them,  which  decayed 
rapidly,  had  the  structure  This  was  the  alkyl 

radical;  it  was  also  uncovered  during  the  investigation  of 
oriented  irradiated  polyethylene  fibers  [59].  The  nature  of 
the  other  free  radical  will  be  examined  below. 

Figure  4  shows  the  rate  of  disappearance  of  the  alkyl 
radical  in  polyethylene  Marle'x-50  at  room  temperature  in  an 
*  atmosphere  of  nitrogen  after  irradiation  up  to  a  dose  of  ^0  Mrad 

at  a  temperature  of  -196°C  [60].  It  is  evident  that  the  kinetic 
curves  can  be  divided  xnto  four  linear  sections,  each  of  which 
is  subordinated  to  a  law  of  the  first  order.  The  half-lives 
of  the  alkyl  radicals  of  these  four  types  comprise  10  s,  25  min, 
7.37  h,  and  25.2  h  respectively.  If  the  reaction  mechanism  in 
solid  quasi-crystalline  polyethylene  is  subordinated  to  the  same 
kinetic  laws  as  in  homogeneous  solutions,  then  the  disappearance 
of  free  radicals  should  occur  according  to  a  reaction  of  the 
second  order.  However,  as  it  was  shown  [3*0,  the  kinetics  of 
reactions  flowing  in  solutions  hardly  can  be  extended  to  reactions 
which  flow  in  solid  polymers.  It  was  stated  [23]  that  free 
radicals  are  formed  by  pairs,  whereupon  the  distance  between 
two  radicals  in  every  pair  is  different.  If  radicals  are  formed 
close  to  one  another,  they  disappear  very  rapidly,  if  they  were 
formed  at  a  greater  distance  from  one  another  they  will  disappear 
more  slowly.  As  it  will  be  shown,  the  process  of  the  disappearance 
of  radicals  can  flow  in  a  first-order  reaction.  In  work  [61] 
the  possibility  is  examined  of  the  migration  of  free  valence 
methacrylate,  the  chain  of  polyethylene  by  means  of  the  transmission  of 
an  atom  of  hydrogen  from  one  carbon  atom  to  an  adjacent  one. 


— CHjCHCH, - CHiCH-CH— 


(51) 


This  idea  has  been  approved  in  work  [20],  and  also  the 
proofs  of  the  migration  of  free  valence  have  been  obtained 
[24,  62].  In  the  example  of  17-pentatriacontane  it  has  been 
shown  that  at  intermediate  temperatures  between  -196  and  20°C 
and  in  the  presence  of  double  bonds  the  alkyl  radicals  is 
spontaneously  isomerized,  probably  into  an  allyl  radical. 

( & )  Spent  Jtpancnui,  cet 


Bpem  rpo»e»ut,  “(c) 

Pig.  4.  The  dependence  of  the  intensity  of  the  EPR  signal  for 
free  alkyl  radicals  in  polyethylene  Marlex-50  on  the  time  of 
storage  following  irradiation. 

KEY:  (a)  Storage  time,  s;  (b)  Intensity  of  signal  rel. units; 

(c) Storage  time,  h. 

It  has  been  established  [50]  that  allyl  radicals  in  irradiated 
polyethylene  correspond  to  the  absorption  band  in  the  area  of 
944  cm-1,  observed  in  the  infrared  spectrum  of  absorption  only 
at  low  temperatures . 

Many  authors  used  the  EPR  method  to  study  the  formation  and 
disappearance  of  free  radicals  in  irradiated  polymers:  in 
polyethylene  [63-68],  nylon  [69],  polystyrene  [66],  polymethyl- 
metacry  late  [70],  polypropylene  [62],  and  in  other  polymers 
[71]. 
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In  work  [72]  polyethylene  was  irradiated  in  tne  presence 
of  gaseous  deuterium  (D£)  at  60°C  in  a  nuclear  r-jaetor  and  it 
was  revealed  that  after  a  complement  of  dose  of  400  Mrad  the 
deuterium  content  in  the  polymer  reached  0.18  mol.?5.  The  authors 
assumed  that  isotopic  exchange  occurred  as  a  result  of  the 
following  chain  reactions: 

-CH/.HCH.-  +  D,-  -CHjCHDCH,-  +  D-;  ( 52  ) 

D-  — CH.CHjCH, — •  HD-{ — CHjCh«-H»—  (  53  ) 

In  other  works  [54,  55]  these  assumptions  were  confirmed  during 
the  study  of  the  rate  of  formation  of  HD  in  the  gaseous  phase, 
when  irradiated  polyethylene  Marlex-50  at  -196°C  was  maintained 
in  gaseous  deuterium  at  room  temperature  right  after  irradia¬ 
tion.  The  analysis  of  the  data  obtained  during  the  study  of 
isotope  exchange,  and  also  their  comparison  with  the  results 
of  works  executed  by  other  methods  [23,  73,  74],  made  it  possible 
to  show  definitely  that  the  second  radical  which  is  formed  during 
the  irradiation  and  which  plays  a  significant  role  in  the 
subsequent  reactions,  is  the  allyl  type  free  radical  -CHCH  = 

=  CH-. 

There  is  important  value  in  the  after-effects  (i.e.,  the 
processes  which  flow  after  the  termination  of  irradiation) , 
conditioned  mainly  by  the  noticeable  lifetimes  of  the  free 
radicals  accumulated  in  the  polymer  during  irradiation. 

Thus  in  work  [52]  it  is  noted  that  after  irradiation  In 
polystyrene  and  natural  rubber  considerable  oxidation  is  observed, 
whereas  in  polyethylene,  polybutadiene,  and  polyvinyl  chloride 
this  effect  is  substantially  less.  The  comparison  of  the  rate 
of  oxidation  of  the  polyethylene  of  high  and  low  density  showed 


that  the  latter  is  oxidized  very  ^ittle  [753.  On  the  contrary, 
linear  polyethylene  with  a  high  degree  of  crystallinity  absorbs 
oxygen  noticeably  at  room  temperature  (Pig.  5).  In  the  figure 
the  concentration  of  carbonyl  groups,  calculated  by  the  intensity 
of  the  absorption  band  in  the  area  of  1725  cm”1  in  the  infrared 
spectrum,  is  the  function  of  time  after  irradiation  at  room 
temperature.  This  is  conditioned  by  the  fact  that  free  radicals 
in  large  quantities  and  at  considerably  longer  time  intervals 
stick  in  the  polymer  matrix  of  well-ordered  linear  chains  of 
high-density  polyethylene  and  a  high  degree  of  crystallinity. 


(d) 

Pig.  5.  The  change  in  the  concentration  of  carbonyl  groups 
during  the  storage  of  irradiated  polyethylene  Marlex-50  at  room 
temperature;  on  the  curves  the  irradiation  dose  is  shown. 

KEY:  (a)Mrad;  (b) Optical  density  of  the  band  1725  cm"1,  rel. units 

(c)  Concentration  of  carbonyl  groups,  mole  2“1*101}j  (d)  Storage 
period  after  irradiation,  days. 


The  after-effect  of  the  oxidation  of  polyethylene  has  been 
quantitatively  studied  in  work  [753,  and  the  kinetics  of  oxida¬ 
tion  during  irradiation  -  in  work  [763. 


If  the  samples  of  polyethylene  are  fine  films  with  a 
thickness  of  0,05  mm  and  less,  oxygen  can  diffuse  sufficiently 
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rapidly  into  the  polymer  and  react  with  a  greater  part  of  the 
free  radicals  in  proportion  to  their  formation  (which  of  course 
also  depends  on  the  pressure  of  oxygen  and  intensity  of  irradia¬ 
tion),  Under  these  conditions  after-effect  of  oxidation  is 
neglible  even  when  using  polyethylene  without  an  antioxidant 
[75,  771. 

The  radiochemical  yield  of  free  radicals  in  the  case  of  the 
irradiation  of  highly  crystalline  polyethylene  Marlex-50  at 
a  temperature  of  -196°C,  according  to  work  [23],  comprises 
G  =  3.0.  This  result  has  been  obtained  for  the  irradiation 
dose  of  40  Mrad  and  it  relates  to  the  radicals  which  do  not 
vanish  during  irradiation  and  which  enter  these  or  other  reactions 
or  recombine.  In  work  [20]  for  irradiation  at  a  temperature  of 
-80°C  the  value  G  =  2.5  ±  0.6  has  been  obtained. 

Free-radical  reactions  will  be  examined  more  comprehensively 
below  in  the  examnles  of  processes  of  cross-linking  and  of  the 
polymer  degradation  during  irradiation. 

CHANGE  IN  THE  CHEMICAL  STRUCTURE 
OF  POLYMERS  DURING  IRRADIATION 

Cross-Linking  and  Degradation 

Chemical  Characteristics 

One  of  the  most  important  characteristics  of  a  polymer  is 
molecular  weight.  Irradiation  can  increase  or  decrease  molecular 
weight  depending  on  which  process  predominates  in  the  given 
material  -  the  process  of  degradation  or  that  of  cross-linking. 

In  principle  a  third  process  is  feasible:  in  the  main  chain  of 
the  polymer  a  break  occurs  and  at  least  one  of  the  fragments 
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attaches  itself  to  the  main  chain  of  an  adjacent  molecule  with 
the  formation  of  a  branched  molecule  of  higher  molecular  weight. 
This  last  process  is  unimportant,  and  therefore  within  the 
framework  of  experimental  methods  the  changes  in  molecular  weights 
can  be  explained  unambiguously  with  the  help  of  two  reactions  - 
cross-linking  and  degradation  Ll6]. 

The  process  of  cross-linking  represents  the  formation  of 
the  basic  chemical  bonds  between  the  adjacent  macromolecules 
of  a  linear  (branched)  initial  polymer  and  its  transformation 
into  a  steric  polymer.  Such  a  change  in  structure  along  with 
the  increase  in  molecular  weight  substantially  influences  all 
the  physicomechanical  and  physicochemical  properties  of  the 
material.  Thus  a  polymer  which  possesses  a  steric  structure 
does  not  melt  and  does  not  flow  at  a  temperature  higher  than  the 
melting  point  of  the  nonirradiated  polymer;  it  passes  over  from 
a  thermoplastic  into  a  rubberlike  state.  The  cross-linked 
polymer  loses  the  capacity  to  be  dissolved  in  hot  organic 
solvents  and  will  limitedly  swell  in  them.  There  is  a  noticeable 
increase  in  the  stability  of  the  polymer  to  cracking  under  stress 
under  the  influence  of  surface-active  reagents. 

The  process  of  degradation,  which  is  opposite  to  the  process 
of  cross-linking,  consists  of  breaking  the  primary  chemical 
bonds  in  the  main  chain  of  the  polymer  molecule.  It  leads  to 
a  decrease  in  the  molecular  weight  of  the  initial  polymer, 
the  lowering  of  the  melting  point,  deterioration  in  physico¬ 
mechanical  characteristics,  and  other  changes  in  properties 
in  a  direction  reverse  to  the  phenomena  taking  place  during 
cross-linking. 

The  capacity  of  polymers  for  cross-linking  or  degradation 
depends  on  their  chemical  structure  and  physical  state  [18, 

78,  793. 


Table  2.  The  influence  of  radiation  on  polymers  [18,  80,  82-853 


Predominantly  cross  linking 

Polyethylene 
Polypropylene 
Polyvinyl  chloride 
Chlorinated  polyethylene 
Ch loros ulphonyl  polyethylene 
Polyacrylonitrile 
Polyacrylic  acid 
Polyacrylates 
Polyacrylamide 
Polyvinylpyrollidone 
Polyvinyl  alkyl  ethers 
Polyvinyl  methyl  ketone 
Polystyrene 

Sulfonated  polystyrene 

Natural  rubber 

Synthetic  rubber 
(besides  polyisobutylene) 

Polysiloxane 

Polyamides 

Polyethylene  oxide 

Polyethers  • 

Polyvinyl  toluene 

Polyvinyl  alcohol 


Predominantly  degradation 

Poly isobutylene 

Polyvinylidene  chloride 

Polytrifluorochloroethylene 

Polytetrafluoroethylene 

Poly-a-methacrylonitrile 

Polymethacrylic  acid 

Polymethacrylates 

Polymethacrylamide 

Poly-a-methylstyrene 

Polyethylene  glycol  terephthalate 

Cellulose  plastomers 

Casein 

Urea  formaldehyde 
Melamine  formaldehyde 
Polyvinyl  formal 
Phenolic  resin  without  fillers 
Polyvinyl  butyral 
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In  Table  2  a  classification  is  given  of  the  most  used 

polymers  based  on  their  predominance  for  processes.,  of  cross -r  i 

linking  or  degradation.  1  :  ■ 

.  1 

l  '  1  1  ‘ 

Attempts  to  predict  sufficiently  ■  accurately  tlje.  behavior 
of  carbon  chain  polymers  of  the  'inyl  series  during  irradiation 
led  to  the  following  empirical  rule  [80]:  1  if;  each  atom  of 

i 

carbon  of  the  main  chain  is  connected,  .at  least  with  one  atom 
of  hydrogen,  i . e . ,  if  the  polymer  has  the -structpre  (CHg-CHR)^, 
then  in  it  cross-linking  predominates;  jf  the  alternating  atoms' 
of  carbon  of  the  main  chain  of  the  polymer  are  connected  with 
CH2-CRR’  radicals 'or  by  the  atoms  of  other  elements,  then  such 
polymers  predominantly  .degrade .  This  rule  is  only  approximate 
because  some  polymers,  for  example  polypropylene,  have  ^  higher 

I  } 

yield  of  the  chain  breaks:  than  cross-linking  (for  isotactiq 
polypropylene  G(s)/G(x)  -  1.5).  Furthermore,  the » relationship  of 
the  probabilities  of  breaks  and  cross-linking  depends  on  the 
experimental  conditions.  For  instance,  in  work  [81]  it  has-been 
established  that  polyvinyl  'chloride,  irradiated  up  to  a  dose 
of  20  Mrad  in  a  vacuum,  remains  completely  soluble,  but:  if  we  , 
warm  it  thoroughly  for  10  min  at  a  temperature  of  100°C  in  a 
vacuum  right  after  irradiation  it  becomes  insoluble.  In  this 
case  with  a  dose  of  5  Mrad  a  65%  gel  fraction,  is  already  formed 
in  polyvinyl  chlordie.  As  a  rule  the  processes  of  cross-linking 

and  degradation  flow  simultaneously,  but  one  of  them  prevails,.  f 

'  1 

•! 

The  Mechanism  of  the  Cross- 

Linking  Reaction  •  . 

•  '  .  *  ,  > 

j  *  ; 

The  most  widespread  today  is  the  presentation  about  the 
process  of  cross-linking  as  a  result  of  the  recombination  of 
free  radicals  formed  during  the  Irradiation  of  polymerq: 
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It  h^s  been  shown  theoretically  [86]  that  radiation  creates 
microzones  in  the  irradiated  substance  with  a  considerably 
higher  temperature  than  the  average  temperature  of  the  medium. 

In  these  microzones  favorable  conditions  appear  for  a  short 
6ime  for  the  diffusion  of  radicals  or  transmission  of  valency, 
as  a  result  of  which  the  free  radicals  recombine. 

It  is  known  that  during  the  radiolysis  of  hydrocarbons 

i 

[see  reactions  (49),  (50)]  hot  atoms  of  hydrogen  are  formed 

t 

which  possess  a  kinetic  energy  of  3-5  eV.  The  atoms  of  hydrogen 
with  such  ,an  energy  are  able  to  enter  into  a  reaction  with  the 
.  molecule  of  hydrocarbon,  forming  a  free  radical  and  a  molecule 
of.  hydrogen  [86-88].  As  a  result  of  this  process  free  radicals 
cdn,  be  formed  in  direct  proximity  to  one  another  and  recombine 
^ven  at  relatively  low  temperatures  in  the  solid  phase.  Such 
a  mechanism,  where  during  the  cross-linking  of  polyethylene 
the  main  role  is  allocated  to  the  hot  atoms  of  hydrogen,  was 
proposed  in  works  [89,  90]. 

Those  noted  above  and  many  other  works  definitely  show  that 
the  free-radical  reaction  mechanism  of  cross-linking  is  most 
probable,  this  follows  at  least  from  that  fact  that  the  annealing 
of1 a  polymer  after  irradiation  noticeably  increases  the  yield 
of  cross-linking.  However,  it  is  quite  difficult  to  determine 
the  influence  of  temperature  on  the  process  of  cross-linking 
since  there  is  a  lack  of  reliable  and  sensitive  methods  for 
measuring  the  degree  of  cross-linking  at  room  temperature  or 
;lewer  (usually  they  measure  either  solubility  at  elevated  tem¬ 
peratures,  or  swelling  or  strength  characteristics  in  a  rubber¬ 
like. state),  Therefore  for  the  determination  of  the  degree  of 
cross-linking  even  after  irradiation  at  the  temperature  of 
liquid  nitrogen  the  polymer  has  to  be  heated  to  a  temperature 
above  room,  and  this  already  gives  rise  to  supplementary  cross- 
linking'with  the  participation  of  the  free  radicals  which  are 
fopnd  in  the  polymer  in  a  frozen  state. 
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These  hypotheses,  which  explain  the  cross-linking  of  the 
molecules  of  polyethylene  by  the  recombination  of  the  free 
radicals  which  are  formed  in  pairs  in  direct  proximity  to  one 
another,  or  oy  recombination  proceeding  as  a  result  of  the 
migration  of  free  valence  along  the  chain  up  to  encounter  with 
a  free  radical,  do  not  agree  with  some  facts,  for  example,  the 
extremely  weak  temperature  dependence  of  the  yield  of  cross- 
linking  in  interval  from  -19 6  to  100°C  and  the  noticeable 
protective  action  of  a  small  quantity  of  additions  -  the  acceptors 
of  free  radicals. 

These  facts  nave  been  explained  in  work  [91]  by  the  ionic 
mechanism  of  cross-linking  because  during  irradiation  induced 
electroconductivity  with  a  ''hole1'  component  appears.  Cross- 
linking,  in  the  opinion  of  the  authors  of  this  work,  is  the 
result  of  the  interaction  of  the  mobile  hole,  which  is  able  to 
migrate  along  the  polymer  chain,  with  the  stabilized  free  radical 
of  the  type  -CH2-CH-CH2-,  which  is  accompanied  by  the  splitting 
of  ion  H+.  It  is  possible  that  here  a  charged  cross-linking 
is  formed  which  is  subsequently  neutralized. 

In  the  last  work  the  formation  of  intermolecular  cross- 
linkings  in  polyethylene  has  been  examined  by  the  mechanism 
of  ionic-molecular  processes 


,,  CH,-CI!-CH,- 

+  /  -CH,— CH-CH.- 

— CH*-  CHj—CHj— 

— CM*— Cl!*— CH*— v  4- 

X  — CH.--CH— CH«— 

X  | 

S— CH,— CH— CHt- 


+H*- 


+H, 


(55) 


Such  a  process  in  the  gaseous  phase  was  observed  experimentally 
[933. 
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It  is  possible  that  the  reaction  of  cross-linking  can  even 
flow  over  the  site  of  a  double  bond.  It  was  shown  [36*  9 ■4—96 3 
that  the  concentration  of  trans-vinylene  double  bonds  formed 
(i.e.,  arranged  in  the  middle  of  the  chain)  increases  with  an 
ircrease  in  the  irradiation  dose  and  reaches  an  equilibrium 
value.  The  concentration  of  double  bonds  of  the  vinyl  and 
vinylidene  types  (in  the  end  and  side  groups)  rapidly  diminishes 
to  disappearing  small  values.  In  the  previous  stages  of  irradia¬ 
tion,  when  the  double  bonds  of  vinyl  and  vinylidene  types  disinte¬ 
grate,  the  process  of  cross-linking  also  flows  faster.  However, 
the  breaking  of  double  bonds  is  not  connected  with  che  disappear¬ 
ance  of  radicals.  This  is  shown  in  the  example  of  the  absence 
of  changes  in  the  concentration  of  vinylene  type  double  bonds, 
when  the  free  radicals,  frozen  during  irradiation  at  low  tem¬ 
perature,  disappear  upon  heating  [95].  Moreover  it  is  proved 
that  nonsaturation  does  not  usually  disintegrate  as  a  result  of 
the  attachment  of  molecular  hydrogen  on  the  site  of  the  double 


bonds  because  the  increases  in  the  yield  of  hydrogen  which  would 
correspond  to  the  disappearance  of  the  initial  nonsaturation 
is  not  observed.  It  seems  that  nonsaturation  disappears  mainly 
as  a  result  of  intermolecular  reaction. 

If  vinylene  groups  which  are  chaotically  arranged  along  the 
‘poly.mer  chains  disappear  with  the  formation  of  cross-links 


-CIljCH  ~  CHCHt — i — Ci  IxCHjCH*- 
— CHjCHCHsCHt— 

— CH^HCH,-- 


and  the  vinylidene  groups  participate  in  cross-linking  by  th* 
mechanism 


— CI  — C"‘~'CH; — **J — CH-CHcCHj - - 

CHi  H 

— CHs— 
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then  the  number  of  cross-linkages  formed  should  be  at  least  equal 
to  or  even  greater  than  the  number  of  reacted  double  bonds. 

However,  this  is  not  confirmed  during  the  determination  of  the 
yield  of  cross-linking  cased  on  the  quantity  of  gel  fraction 
formed  [97].  This  divergence  is  conditioned  by  the  fact  that 
there  is  the  possibility  of  the  formation  not  only  of  molecular  bonds 
(cross),  but  also  intramolecular  bonds  (cyclization) ,  and  also 
by  the  fjact  that  the  double  bonds  present  in  the  initial  polymer 
are  net  arranged  chaotically,  but  mainly  in  end  groups  or  close 
to  them.  In  the  latter  case  the  formation  of  end  bonds  is 
possible,  which  will  facilitate  an  increase  in  the  molecular  weight 
of  the  polymer,  but  will  not  condition  the  appearances  of  a 
steric  lattice  (gel  fraction). 

Very  contradictory  data  on  the  mechanism  for  the  cross- 
linking  of  polypropylene  have  been  published,  for  example,  in 
works  [98,  99],  where  values  of  gel  fraction  are  given  which 
differ  within  the  limits  of  a  whole  order. 

A  certain  clarity  has  been  introduced  into  this  question 
in  work  [100],  the  authors  of  which  investigated  gel  formation 
in  nine  various  brands  of  polypropylene.  The  value  of  the  gel 
point1  of  the  various  brands  fluctuates  within  the  limits  of 
8.5-100  Mrad.  A  study  of  the  viscosity  of  irradiated  poly¬ 
propylene  showed  that  the  high  dose  of  gel  formation  is  caused 
by  the  preferential  destruction  of  the  chains  of  polymer  in 
the  range  of  small  doses.  This  preferential  destruction  is 
apparently  condition  by  two  factors.  One  of  them  is  presence 


JThe  gel  point  or  the  point  of  initial  gel  formation  is 
that  irradiation  dose  at  which  in  the  polymer  already  an  insoluble 
fraction  appears  (gel  fraction). 


in  the  chains  of  polypropylene  of  oxygen-containing  groups. 

The  more  that  bound  oxygen  is  part  of  polypropylene,  the  higher 
the  dose  of  gel  formation  (the  content  of  bound  oxygen  according 
to  radioactivation  analysis  in  the  investigated  samples  comprised 
0.01-0.4  wt.JO.  Another  factor  is  the  insufficient  quantity  of 
double  bonds  in  the  polymer  in  the  early  stages  of  irradiation. 
Since  double  bonds  in  polypropylene  are  formed  precisely  during 
irradiation  a  certain  initial  irradiation  is  necessary  for  the 
accumulation  of  the  minimum  quantity  of  double  bonds  whose 
interaction  with  the  chains  of  the  polymer  would  lead  to  the 
formation  of  a  gel  fraction. 

The  change  in  the  properties  of  polypropylene  in  the 
beginning  of  irradiation  depends  on  which  of  these  two  factors 
predominates.  A  polymer  which  contains  much  bound  oxygen  endures 
degradation  during  its  irradiation  up  to  the  dose  of  gel  forma¬ 
tion;  the  magnitude  of  the  dose  of  gel  formation  is  determined 
by  the  consumption  of  active  oxygen-containing  groups  during 
irradiation.  In  the  samples  of  polypropylene  containing  an 
insignificant  quantity  of  bound  oxygen,  the  fundamental  determin¬ 
ing  factor  for  the  dose  of  gel  formation  is  accumulation  of 
double  bonds  in  the  polymer.  Here  the  molecular  weight  of 
polypropylene  has  great  significance:  the  less  the  molecular 
weight  of  the  polymer  the  greater  the  number  of  molecules  which 
should  suffer  destruction  for  the  formation  of  the  necessary 
quantity  of  double  bonds.  Active  oxygen-containing  groups  in 
such  samples  of  polypropylene  disappear  long  before  the  beginning 
of  gel  formation  and  intermolecular  bonds  begin  to  be  formed  in 
the  early  stage  of  irradiation.  Thus  the  mechanism  for  the 
radiolysis  of  polypropylene  depends  on  the  molecular  weight  of 
the  polymer  and  the  content  in  it  of  active  oxygen-containing 
groups.  In  various  samples  of  polypropylene  the  relationship  of 
these  factors  is  diverse,  which  is  connected  with  the  large 
scattering  in  the  values  of  the  doses  of  gel  formation. 


Methods  of  Measurement  of  the 
Yield  of  Cross-Linking 

For  the  determination  of  the  degree  of  cross-linking  of 
polymers  up  to  doses  below  the  gel  point  it  is  possible  to  use 
different  methods  for  the  determination  of  molecular  weights. 

The  viscometric  method  is  used  most  frequently. 

At  higher  i.  ’iation  doses  for  the  determination  of  the 
yield  of  cross-linking  it  is  possible  to  use  the  measurement  of 
gel  point.  For  this  purpose  the  dependence  of  the  content  of 
gel  fraction  in  the  polymer  on  the  irradiation  dose  is  determined 
and  the  magnitude  of  the  doses  of  the  initial  gel  formation 
(the  gel  point)  is  found  by  means  of  extrapolating  the  curve 
obtained  to  intersection  with  the  axis  of  abscissae.  From  the 
t'heory  of  gel  formation  in  polymers  as  developed  by  Flory  [31] 
and  Stockmayer  [101]  it  follows  that  the  initial  gel  formation 
corresponds  to  the  appearance  of  one  cross-linked  monomeric  link 
on  each  numerical  average  molecule.  Then  the  radiochemical 
yield  of  the  reaction  of  formation  of  cross-links  can  be  expressed 
analytically  through  the  dose  of  gel  formation 

G(x)-± 2J2L  (58) 

rMw, 

where  r  -  the  dose  of  gel  formation,  Mrad;  -  the  initial 

w0 

weight-average  molecular  weight;  G(x)  -  radiochemical  reaction 
yield  of  cross-linking,  equal  to  the  number  of  cross-linkages 
which  were  formed  during  absorption  of  100  eV. 

The  equation  given  above  can  be  used  when  cross-linking 
proceeds  according  to  random  law,  the  weight-average  molecular 
weight  of  the  initial  polymer  is  known,  there  are  no  degradations 
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or  any  radiolytic  reactions  which  change  the  molecular  weight  dis¬ 
tribution,  for  example  "end"  cross-linking  with  the  participation  of 
vinyl  groups,  reactive  gases  are  absent,  for  example  02,  N02 
(in  the  presence  of  02  peroxide  bridges  are  easily  formed 
N02  can  interact  with  free  radicals,  etc.),  and  finally  magnitude 
G(x)  does  not  depend  on  the  irradiation  dose. 

The  precise  determination  of  magnitude  G(x)  is  impeded 
still  more  by  the  following  facts.  During  irradiation  at  room 
temperature  a  certain  quantity  of  cross-linkages  is  formed  and 
also  free  radicals  which  can  "stick"  in  crystallites  of  polyethy¬ 
lene  or  ordered  structures  of  isotactic  polypropylene.  With 
subsequent  heating  these  free  radicals  will  enter  into  the  reac¬ 
tion  and  form  additional  cross-linkages .  To  isolate  the  latter 
from  the  number  formed  directly  during  irradiation  is  practically 
impossible.  Since  it  is  impossible  to  determine  the  degree  of 
cross-linking  at  room  temperature  and  any  measuring  method  - 
be  it  dissolution,  swelling,  or  stretching  -  envisages  the  heating 
of  the  polymer,  the  unreacting  free  radicals  accumulated  during 
irradiation  will  enter  into  the  reaction  and  form  additional 
cross-linkages  in  the  very  process  of  measurement;  therefore 
prior  to  determination  it  is  advantageous  to  anneal  the  sample 
of  irradiated  polymer  and  to  measure  the  summary  degree  of 
cross-linking  taking  into  account  the  after-effect. 

Along  with  the  measurement  of  gel  point  the  magnitude  of 
the  degree  of  cross-linking  can  be  determined  by  equilibrium 
swelling  of  the  irradiated  polymer  in  a  solvent.  The  theoretical 
formula  which  determines  the  coefficient  of  swelling  V  (i.e., 
relationship  of  the  weight  of  the  polymer  which  is  swollen  in 
the  solvent  to  the  weight  of  the  dry  polymer 1 ) takes  the  form 


JIn  this  case  it  is  assumed  that  the  polymer  is  completely 
cross-linked,  i.e.,  strictly  speaking,  this  is  the  coefficient 
of  swelling  of  the  gel  fraction. 
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(59) 


r'.  =  (o,5-{i) 


Mcp 

I 

po 


where  Mcp  -  the  average  molecular  weight  of  a  segment  of  chain 
between  two  tandem  cross-linkages;  u  -  the  interaction  constant 
between  the  solvent  and  polymer;  p  -  the  density  of  dry  polymer; 
v  -  the  molar  volume  of  solvent. 

This  approximate  formula  Js  inapplicable  for  the  high 
densities  of  cross-linkages  when  the  coefficient  of  swelling 
is  small,  and  also  for  weakly  cross-iinked  networks  in  which  a 
significant  quantity  of  substance  is  still  not  connected  into 
the  cross-linked  structure. 

For  the  determination  of  the  average  molecular  weight  of 
the  segment  of  the  chain  between  two  tandem  cross-linkages 
Mcp  in  highly  elastic  networks  it  is  possible  to  use  the  results 
of  the  measurement  of  equilibrium  stress  [93].  The  relationship 
between  applied  force  in  a  calculation  per  unit  of  the  initial 
area  of  sample  f  and  its  equilibrium  elongation  x  can  be  expressed 
by  the  formula 


/- 


(60) 


where  R  -  universal  gas  constant;  T  -  absolute  temperature; 

x  -  relationship  of  the  length  of  stretched  sample  to  its  initial 

length;  M  -  the  initial  number-average  molecular  weight  of 
n0 


polymer.  The  expression  1  -  2Mcp/Mn 
for  end  effects. 


0 


represents  the  correction 


Knowing  M_  ,  the  value  of  G(x)  can  be  calculated  according 

cp 

to  the  following  formula: 
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(61) 


(MS-IO* 
'M<9  ' 


where  r  -  irradiation  dose,  Mrad. 

The  Mechanism  of 
Degradation 

The  process  of  degradation  is  reduced  to  the  breaking  of  a 
chemical  bond  in  the  main  chain  of  a  polymer  under  the  influence  f 

I 

of  radiation  and  the  formation  of  molecules  of  less  molecular  | 

weight  than  the  initial  molecule.  It  is  possible  that  during 

the  absorption  of  energy  of  radiation  many  bonds  in  the  molecule 

are  bi'oken,  however,  the  majority  of  them  are  restored  so  rapidly 

that  they  cannot  be  detected.  Por  instance,  in  the  case  of 

polyethylene  the  energy  of  the  C-C  bond  is  substantially  less 

than  the  energy  of  the  C-H  bond,  how.-vjr,  mainly  the  bond  of 

the  last  type  is  broken.  Apparently  two  quite  long  fragments 

of  the  molecule  which  are  formed  during  the  breaking  of  the  C-C  j 

bond  possess  insufficient  mobility  in  solid  polymeric  matrix 

i 

and  manage  to  recombine  with  each  other  before  being  removed  a  i 

significantt  distance.  That  fact  that  during  the  irradiation  , 

of  polyethylene  of  low  density,  polypropylene,  and  other  polymers 
including  the  gaseous  products  of  radiolysis  along  with  H2 
low-molecular  hydrocarbons  are  detected  confirms,  the  presence 
of  the  irreversible  breaks  in  the  C-C  bond.  In  these  cases  the 
fragments  formed  are  sufficiently  mobile  in  order  to  go  beyond 
the  limits  of  the  Frank-Rabinovich  cage. 

In  this  connection  it  is  appropriate  to  note  that  according 
to  mass-spectrometric  and  other  investigations  the  activation 
energy  of  the  break  in  the  C-H  bond  in  molecules  of  the  initial 
material  which  are  found  in  the  state  of  ionization  or  electron 
excitation  proves  to  be  less  than  the  activation  energy  of  the 
break  in  the  C-C  bond. 
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One  ought  to  emphasize  that  all  the  cross-linking  polymers 
contain  in  the  monomeric  link  an  atom  of  hydrogen  in  the  q-positiop, 
whereas  the  destroying  polymers  do  not  contain  it.  It  is  true 
that  the  rule  is  quite  approximate  since  in  some  of  the  cross- 
linking  polymers  the  yield  of  destruction  is  actually  greater 
than  the  yield  of  cross-linking  (in  isotactic  polypropylene 
G(s)/G(x)  =  1.5). 

Both  processes  -  degradiatlon  and  cross-linking  -  as  a 
rule  flow  simultaneously,  but  one  of  them  prevails  over  the 
other. 

The  mechanism  of  degradation  is  determined  to  *»  considerable 
extent  by  the  individual  features  of  the  chemical  structure  of 
the  irradiated  polymer  and  for  the  majority  of  substances  has 
not  been  conclusively  established.  At  the  same  time  the  compari¬ 
son  of  the  results  of  the  analysis  of  the  gaseous  products  of 
radiolysis  with  the  data  of  infra-red  and  ultraviolet  spectrometry 
along  with  the  assistance  of  other  physicochemical  methods  of 
analysis  makes  it  possible  to  draw  certain  conclusions. 

Thus  in  work  [102]  it  has  been  noted  that  for  the  polymers 
which  during  irradiation  undergo  predominantly  degredation  reduced 
values  of  the  heat  of  polymerization  as  a  result  of  steric 
stresses  caused  by  the  presence  of  substitutes  (steric  stresses 
weaken  the  carbon-carbon  bonds  in  the  main  chain)  are  character¬ 
istic.  These  data  make  it  possible  to  assume  that  after  a  quick 
break  of  the  main  chain  occurred  during  irradiation  the  steric 
obstacles  avert  the  recombination  caused  by  the  effect  of  the 
Frank-Ravinovich  cage. 

The  preferential  degradation  of  polymers  is  also  explained 
by  the  possibility  of  the  resonance  stabilization  of  the  free 
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radical  which  was  formed  during  the  breaking  of  the  chain.  For 
polyisobutylene  a  mechanism  has  been  proposed  for  the  process 
of  degradation  which  flows  with  the  liberation  of  one  of  the 
substituent  groups  and  the  formation  of  two  vinylidene  groups 
for  every  breaking  of  the  main  chain  [103]: 


,CH,  yCH, 

R'-CH.-C/  -CH.-C' 

XCH, 


-r*  .  ch;+ 


CH, 
I 


.CH. 


./ 


-i-  R'-CHi-C-CHj-Cr-R*  - 
NCH, 


CH,  CH, 

I  I 

••  R'-CHj-C  -CH,  ;  C-R* 

ji 

cits 


(62) 


Also  the  mechanism  for  the  degradation  of  this  polymer  by 
means  of  disproportionation  was  examined  [104 ] 

CH,  CH, 

-CH,-C— CH.-C-CH, - 

I  i 

CH,  CH, 


CH,  CH, 

I  I 

•  — -CH,— •C'-f’  -CH, — C — CH, — 

CH,  CH, 

CH,  CH, 

n  I 

•  -CH,-  C  -i- CH,-C-CH,- 

I  ! 

CH,  CH, 


(63) 


The  degradation  of  polymethyl  methacrylate  also  can  be 
accomplished  with  disproportionation  [81,  105] 


CH,  CH,  CH,  .  CH, 

II  II 

-CH,  -C-  ;  -CH,— C . CH  —  C  i  CH,— C— 

CCOCH,  CCXXH,  COCCH,  COOCH, 


(64) 


and  also,  with  equal  probability,  by  another  mechanism 
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(65) 


CH,  CH,  CHi  CH, 

-CHi  -C— CH*— C - CHj  -C  CH -C  -  +  CH,  +C0, 

I  !  I 

COOC11,  COOCH,  COOCH, 

For  polypropylene  the  following  scheme  of  reaction  has  been 
proposed  [106],  [1073 


CH,  CH,  CH,  CH, 

1  !  !l  | 

-CH— CH,  -  -CH- CHj  -  -  -C--CH,  :-CH,-CH,- 


h'owever,  also  feasible  is  such  a  path  of  degradation 


CH,  CH, 

I  i 

-C-CH— C-CH.-  - 


CH, 

I 

~  .  H,  -  — C  —  CH.  i-CH, 

n 

CHCH,- 


The  extensive  test  data  accumulated  up  to  the  present  time 
are  still  the  su  ict  of  intensified  study  for  the  purpose  of 
working  out  a  general  approach  and  establishing  distinct  regulari¬ 
ties  . 

Methods  of  Measurement 
of  Yield  of  Degradation 

Degradation  in  the  absence  of  cross-linking.  Let  us  examine 
first  the  determination  of  the  radloehemic,. 1  yield  of  degrada¬ 
tion  r,(s)  in  the  case,  when  the  process  of  cr  ss~linking  does 
not  take  place.  Since  the  number  of  molecules  ip  the  sample 
of  polymer  increases  by  a  unit  with  every  Dreaking  of  the  chain, 
the  value  of  G(t)  can  be  calculated  easily  from  the  following 
equality  [78]: 


r±-  +  r™L, 

AK  100, V, 
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where  M  and  M  -  number- average  molecular  weight  of  polymer 
n0  n 

before  and  after  irradiation  respectively:  r  -  irradiation 
dose,  v/g;  -  Avogadro  number. 

The  graph  of  dependence  1/M  -  f(r)  should  be  straight 

line  with  an  incline  equal  to  G(s)/100  and  intercept  on  the 

axis  of  ordinates  a  segment  equal  to  1/M  .  For  determination 

0 

of  Mn  it  is  possible  to  use  any  experimental  method,  whereupon 
the  best  is  the  method  of  measurement  of  osmotic  pressure. 
However,  the  method  of  measurement  of  intrinsic  viscosity  is 
more  accessible. 

For  the  calculation  of  the  j..  lue  of  Mn  according  to  the 
measurements  of  intrinsic  viscosity  usually  the  Mark-Khuvini: 
equation  is  used: 


(59) 

where  K  and  a  -  empirical  -instants.  The  latter  can  be  found 
by  substituting  into  equation  (69)  the  values  of  M  ,  determined 
for  the  series  of  samples  with  various  molecular  weights  by  the 
osmometric  method,  or  by  measuring  the  values  of  the  intrinsic 
viscosity  of  the  thoroughly  fractionated  samples  of  a  polymer 
of  known  molecular  weight.  Equation  (69)  is  applicable  only 
when  the  molecular  weight  distribution  for  the  given  polymer 
does  not  change  as  a  result  of  irradiation  and  if  the  form 
of  the  molecules  remain  fixed  (branched  structures  are  not 
formed).  If  in  the  ■’nitiol  polymer  the  molecular  weight  distri¬ 
bution  is  most  probable  and  the  breaking  of  chains  during 
irradiation  occurs  according  to  random  law,  distribution  by 
molecular  weights  for  the  irradiated  polymer  remains  most  probable. 

In  wo.  ks  [81,  10^3  the  equation  (69)  was  used  for  the 
evaluation  of  value  G(s)  in  the  ca-e  of  the  irradiation  of 


63 


polyisobutylene  and  polymethyl  methacrylate.  The  results  of 
previous  authors  have  been  confirmed  in  work  [3  08];' there 
supplmentary  data  have  also  been. obtained  'for  poly- teri-butyl 
methacrylate.  By  a  combination  of  methods  of  light  scattering 
and  viscosimetry  it  has  been  shown(  that  during  radiolysis  of  • 
the  methacrylates  cross-linking  does  not  occur. ' 

'  , 

Degradation  simultaneously  with  oross-linking'.  In  the 
case  of  the  polymers  which  uhdergo  cross-linking  and  degrada¬ 
tion  simultaneously  .determination  of  G(s)  presents  , a  serious  . 

problem.  The  measurements  of  intrinsic  .viscosity  can  lead  to 

•  2 

completely  erroneous  results  for  the.  following  reasons:  the 

simultaneous  flow  of  processes ,of  cross-linking  and  degradation 

! 

gives  rise  to  a  change  in  the  molecular  weight  distribution, 
and  in  this  case  equation  (69)  is  inapplicable  since  as  a  result 
of  cross-linking  branched  structures  are  formed,  for  which 
constants  a  and  K  in  equation  (69)  will  change. 


Values  of  G(s)  and  G(x)  can  be  calculated  on  thfe  basis  of 
the  measurement  of  the  content  of,  gel  fraction  by  using  the 
dependence  proposed,  in  work  [1093  . 


s  ;•  Vs 

i 


2 G{x)  ,* 


soy  4 

,MaGix) 


(70) 


on  the  condition  that  the  polymer  in  the  initial  state  had  . 
th<,  most  probable  distribtuion  based  !on  molecular  weights,' 
that  cross-linking  and  degradation  during  irradation  occur 
according  to  random  law,  that  G(s)  and  G(x)  do  not  depend  on 
the  irradiation  dose,  and  that'  the  initial  number-average  and 
weight-average  molecular  weights  are  known;  In  this  formula 
s  -  the  soluble  fraction  content  (sol  fraction)  in  the  polymer 
after  irradiation  up  to  a  dose  of  r  (Mrad).  This  dependence  is 
used  for  many  polymers  during  their  Irradiation  up  to  doses 
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higher  than  the  gel  point.  In  work  [110]  it  has  been  shown  that 
the  graph  of  dependence  expressed  by  equation  (70)  theoretically 
hss  a  light  curvature  with  concavity  downwards  manifested  in 
the  area  of  low  values  1/r. 

Another  independent  method  of  determination  of  G(s)  is 

i 

based : on  the  measurement  of  the  relaxation  of  stresses  and  is 
used  very,  frequently  in  the  study  of  rubbers  [111].  According 
to  the  data  of  work  [112]  the  number  of  breaks  in  chains  per 
gram  q  is  determined  by  the  following  equation: 

?  -=  —  i..wc?  ig  LU  -  —  -v5  ^ 

i 

where  f/fQ  -  ratio  of  stresses  in  the  sample  before  and  after 

irradiation.  The  value  of  Nn,  reverse  of  M  .is  determined 

u  cp  * 

from  the  relationship 


/=jVtf/?r(x-x-2).  (72) 

i 

where  A  -  relative  elongation. 

Some  data  on  degradation  can  be  obtained  from  the  EPR 
spectra.  Sometimes  it  is  possible  to  identify  the  type  of 

free  radical  and  measure  its  concentration.  If  free  radical  has 

\ 

a  partial  valence  on  the  end  of  the  RCHj  chain  then  in  the  case 
of  linear  high-molecular  polyethylene  this  can  indicate  the 
flow  of  the  process  of  degradation.  In  .  ork  [58]  they  proposed 
that  the  stable  free  radical  in  polyethylene  Is  the  end  radical; 
however,  it  was  shown  [20,  71]  that  the  stable  free  radical  in 
polyethylene  is  the  allyl.  During  the  irradiation  of  polypro¬ 
pylene  quite  complex  EPR  spectra  are  obtained.  This  is  probably 
conditioned  by  the  formation  of  free  radicals  of  various  types. 
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and  in  this  case  the  presence  of  end  radicals  of  the  type  mentioned 
above  does  not  necessarily  attest  to  the  breakings  of  chains, 
since  such  radicals  can  be  formed  during  the  breakaway  of  hydrogen 
from  che  side  methyl  group. 

The  Comparison  of  Values  of 
the  Yields  of  Degradation 
and  Cross-Linking 

In  Table  3  values  of  G(s)  and  G(x)  are  given  which  were 
obtained  by  various  authors  with  the  help  of  various  methods. 


Table  3.  Some  values  of  the  yields  of  cross-linking  G(x)  and 
degradation  G(s)  (irradiation  at  room  temperature  in  a  vacuum). 


Method  of  determination 

Polymer 

Solubility  or 

Modulus  of 

Solubility 

Relaxation 

swelling 

elasticity 

or  viscosity 

of  stress 

■ 

G(x) 

G(x) 

G(s) 

i 

G(s) 

Polyethylene 

1.61 

branched 

0.5 

1.4 

2.4 

0.8 

2.7 

3. 4-4. 6 

6.8 

3.0 

linear 

1.02 

1.63 

1.3 

2.1 

2.4 

Polypropylene 

atactic 

isotactic 

0.12-0.27 

0.6-1. 3 

0.1-0.24 

0.8 

0.07-0.25 

0.1-0.24 

0.3 

0.9 

0.6 

5-0 

Rubber 

0.83 

1.3 

0.8 

0.14 

Polyiso¬ 

butylene 

9.3 

5.0 

Polymethyl- 

metacrylate 

1.64 

Poly-teri- 

butyl 

1.67 

methacrylate 

2.33 
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The  explanation  of  the  quite  wide  scattering  of  the  values 
of  radiochemical  yield  of  the  process  of  cross-linking  obtained 
by  the  different  authors  lies  in  the  fat .  that  each  of  them  used 
a  different  measurement  procedure.  The  accuracy  of  the  absolute 
values  of  radiochemical  yields  of  the  process  of  cross-linking 
is  limited  by  the  error  of  the  determination  of  the  average 
molecular  weights  of  the  polymers.  The  method  of  the  evaluation 
of  radiochemical  yield  of  cross-linking  based  on  content  of  the 
gel  fraction,  which  takes  into  account  number-average  molecular 
weight,  gives  rise  to  lower  values  than  the  method  of  determina¬ 
tion  of  gel  point,  which  takes  into  account  the  weight  average 
molecular  weight.  The  divergence  of  results  can  be  connected 
at  least  partially  with  differences  in  doses  of  irradiation. 

The  disappearance  of  double  bonds  of  the  vinylidene  type 
which  are  contained  in  the  initial  polymer  makes  a  significant 
contribution  to  the  process  of  cross-linking  only  in  low 
irradiation  doses.  It  is  characteristic  that  the  methods  of 
the  determination  of  the  yields  of  cross-linking  by  measurement 
of  the  gel  point  and  the  content  of  gel  fraction  give  rise  to 
satisfactory  results  during  the  study  of  polyethylene  of  linear 
structure  in  which  the  content  of  double  bonds  o'1  the  vinylidene 
type  in  the  initial  ’tate  is  very  small. 

If  hydrogen  is  liberated  from  irradiated  polyethylene  only 
as  a  result  of  cross-linkin, .  and  trans- vinylene  nonsaturation,1 
then  in  the  area  of  very  small  doses  this  equation  should  be 
correct : 


*The  radiochemical  yield  of  trans- vinylene  bonds  is  designated 
G  ,  vinyl  -  G  ,  and  vinylidene  -  G 

TB’  j  B  ’  Bfl 
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(73) 


-  G(x)  (73) 

With  higher  doses  the  value  of  G  diminishes  as  a  result  of  the 
disappearance  of  vinylene  groups-  If  along  with  direct  cross- 
linking  cross-linkages  are  also  formed  as  a  result  of  this  reaction, 
the  dependence  given  above  will  no  longer  be  valid. 

Such  a  balance  is  observed  far  from  always  and  this  can 
be  explained  by  the  di /ersity  of  flowing  processes.  Among  their 
number  let  us  point  out  the  following  fundamental  paths  for 
the  realization  of  competing  reactions. 

1.  The  formation  of  a  quadratic  bond  (the  cross-linkages 
of  two  contiguous  atoms  of  carbon) 

— CH2 — CH— CH— CHr— 

— CH.-CH-CH-CH,— 

-  such  a  bond  will  be  developed  as  one  cross-linkage. 

2.  The  formation  of  cycles  as  a  result  of  intramolecular 
cross-linking,  for  example 


— CHj— CH; 


_  xh2-ch3 


\:h,-ch*‘ 


3.  The  formation  of  the  system  of  the  conjugated  double 
bonds,  for  example  a'enes,  trienes ,  and  also  cis-vinylene  bonds. 


*1.  The  flow  of  degradation,  as  a  result  of  which  the  dose 
of  gel  formation  increases  and  the  value  of  G(x)  calculated  by 
this  method  turns  out  to  be  lowered. 


The  Change  in  Nonsaturation 
During  Irradiation 


One  of  the  very  important  changes  which  takes  place  in  the 
chemical  structure  of  polyolefins  and  other  polymers  during 
the  action  of  ionizing  radiations  is  the  change  in  the  concentra¬ 
tion  and  nature  of  nonsaturation.  In  many  polyolefins,  including 
in  polyethylene,  already  as  a  result  of  synthesis  as  a  rule 
double  bonds  are  contained,  whereupon  their  type  and  concentration 
depend  on  the  method  of  obtaining  the  polymer. 

In  Table  4  data  are  given  on  the  nature  of  nonsatnration 
in  samples  of  polyethylene  synthesized  by  various  methods  [49]. 


Table  4.  The  nature  of  nonsaturation  in  samples  of  polyethylene. 


Polyethylene 

Quantity 

of 

Distribution  of  nonsaturation 
by  types,  %  total  amount 

QOUUJLe 

bonds 
per  1000 
atoms 
of  C 

vinyl 

RCH  =  CH2 

vinylidene 

c  =  ch2 

trarce-vinylene 
RCH  «  CHR 

High  density 

0  57 

54 

31 

15 

Low  density 

0.36 

13 

65 

22 

Obtained  by  the 
method  of  radia¬ 
tion  polymeriza¬ 
tion 

0.05 

100 

During  irradiation  on  polyethylene  double  bonds  of  the 
trans- viny] ene  type  are  accumulated,  whereupon  their  content  in 
porportion  to  the  increase  in  the  irradiation  dose  reaches  a 
certain  limiting  value;  simultaneously  the  concentration  of  the 
double  bonds  of  the  vinylidene  and  vinyl  types  which  are  contained 
in  the  initial  polyethylene  diminishes.  In  polypropylene  during 
irradiation  the  double  bonds  of  the  vinylidene  and  vinyl  types 
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appear,  and  also  internal  double  bonds  ^  ^  C  =  CHR  [113].  There 
is  an  assumption  [107]  that  as  a  result  of  the  breakaway  of  the 
side  methyl  groups  from  the  chain  of  the  polymer  trana- vinylene 
double  bonds  can  also  be  formed. 


The  presence  of  nonsaturation  in  a  macromolecular  chain 
has  a  strong  influence  on  the  properties  of  polyolefins.  The 
formation  of  nonsaturation  has  important  value  when  using  a 
polymer  as  an  electrical  insulating  material.  This  process  is 
accompanied  by  an  increase  in  the  tangent  of  the  angle  of 
dielectric  losses  in  the  case  of  very  high  frequencies,  and  it 
also  facilitates  the  course  of  oxidizing  destruction,  if  exploita¬ 
tion  is  conducted  in  the  presence  of  air  at  increased  temperatures 
[61,  104,  114]. 

Many  authors  [34,  35,  49,  76,  115-121]  studied  the  kinetics 
and  the  mechanism  of  formation  and  consumption  of  double  bonds 
in  polyethylene.  Typical  curves  of  the  accumulation  and 
disappearance  of  nonsaturation  in  polyethylene  Marlex-50  are 
shown  in  Pig.  6.  In  work  [34]  in  an  example  of  three  various 
types  of  polyethylene  it  is  shown  that  the  formation  of  trans- 
vinylene  groups  follows  the  law  of  zero  order,  and  consumption  - 
a  law  of  the  first  order;  a  stationary  concentration  is  reached 
when  the  rates  of  formation  and  disappearance  are  equal  to  one 
another. 

The  concentration  of  fcrana-vinylene  groups  in  polyethylene 
Marlex-50  increases  somewhat,  if  after  irradiation  ac  room 
temperature  they  are  annealed  in  a  vacuum  [77,  122]. 

The  initial  value  of  radiochemical  yield  of  vinylene 
groups  G  for  linear  polyethylene  Marlex-50  at  room  temperature 
is  equal  to  2.4,  and  at  a  temperature  of  142°C  it  is  equal  to 
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Fig.  6.  The  dependence  of  the  concentration  of  double  bonds  of 
various  types  in  polyethylene  Marlex-50  on  the  irradiation  dose: 
1  -  vinyl;  2  -  trans-vinyl  [sic];  3  -  vinylidene. 

-1  to  -1  20 

KEY:  (a)  Concentration,  mole-g  *10  ;  (b)  Dose,  eV*g  *10 
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3.1  [35].  Ac  the  same  time  it  has  been  established  [49,  123]  j 

that  the  value  ol  G  increases  very  weakly  with  a  temperature 

T  B  ", 

increase  during  irradiation  from  -196  to  20°C.  It  is  difficult  { 

to  divide  the  summary  yield  of  vinylene  groups  into  components,  j 

conditioned  by  the  splitting  of  molecular  hydrogen  from  polymeric  j 

macromolecules  in  the  state  of  ionization  or  electron  excitation,  j 

on  the  one  hand,  and  by  free-radical  reactions  on  the  other.  j 

I 

Probably  the  component  which  does  not  depend  on  temperature  is  '• 

conditioned  by  the  molecular  splitting  of  hydrogen.  j 


As  shown  in  work  [34],  the  concentration  of  trans-vinylene 

groups  in  polyethylene  Marlex-50  during  irradiation  up  to  a  dose 

_  £| 

of  50  Mrad  at  a  temperature  of  -196° C  comprises  0.79  x  10 
mole/g,  and  saturation  concentration  in  the  case  of  irradiation 
at  room  temperature  up  to  very  large  doses  -  0.71  x  10*’*  mole/g. 
The  greater  yield  of  trans-vinylene  groups  at  low  temperatures 


i 

i 


i 
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is  probably  conditioned  by  the  fact  that  .he  process  of  their 
disappearance  depends  more  strongly  on  temperature  than  the 
process  of  formation. 

The  investigation  of  changes  in  the  chemical  structure  of 
polyethylene  [12*1]  of  low  and  high  density  (Marlex-50  and 
DYNH)  showed  that  for  obtaining  the  same  degree  of  unsaturation 
cf  the  trans- vir.y lene  type  a  polyethylene  of  low  density  (branched, 
containing  vinylidene,  trans-vinyiene,  and  in  an  insignificant 
quantity  vinyl  groups)  has  to  be  irradiated  up  to  a  greater  dose 
than  linear  (with  a  small  content  of  trans- vinylene  groups  and 
high  concentration  of  vinyl  groups). 

In  the  works  [31*,  115]  it  was  shown  that  the  vinyl  groups 

which  are  present  In  the  initial  polyethylene  Marlex-50  in  a 

_!} 

concentration  of  0.9  *  10  mole/g  disappear  rapidly  during 

irradiation  at  room  temperature,  whereupon  the  yield  of  this 
process  is  G  =  9*6. 

B 

As  it  was  established  by  investigations  over  a  wide  range 
of  temperatures  [**9],  during  the  irradiation  of  polyethylene 
the  vinyl  double  bonds  rot  only  disappear,  but  also  are  formed, 
whereupon  a  temperature  Increase  in  the  polymer  during  irradia¬ 
tion  favors  the  flow  of  the  process  of  destruction  of  this 
type  of  nonsaturation. 

The  increase  in  v'nyl  nonsaturation  during  irradiation  was 
also  revealed  in  work  [12**],  whereupon  the  rate  of  formation 
of  vinyl  groups  was  identical  in  polyethylene  of  high  and  low 
density . 

In  amorphous  polypropylene,  irradiated  at  -196°C  up  to  ver'' 
high  doses  (**000  Mrad),  they  detected  [113]  the  formation  of 
internal  double  bonds  of  the  type  RRC  =  CHR.  Their  appearance 
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was  explained  by  the  breakaway  of  two  atoms  of  hydrogen  from 
adjacent  atoms  of  carbon.  Such  a  type  of  bond  is  formed  3*5 
times  more  than  end  double  bonds.  In  the  area  of  not  very 
high  doses,  when  the  regularity  of  chains  is  preserved,  internal 
double  bonds  are  formed  basically  in  the  traws-configuration. 

With  an  increase  in  the  irradiation  dose,  when  the  regularity 
of  chains  diminishes,  the  formation  of  internal  double  bonds 
occurs  basically  in  the  cis- configuration.  During  irradiation 
the  concentration  of  vinylidene  groups  diminishes. 

The  study  of  the  kinetics  of  accumulation  of  double  bonds 
during  the  irradiation  of  polypropylene  showed  that  after  the 
onset  of  gel  formation  the  rate  of  accumulation  of  double  bonds 
(mainly  vinylidene)  is  less  than  in  the  range  of  small  doses  [100]. 
Apparently  this  is  connected  with  the  greater  rate  of  consumption 
of  double  bonds  after  the  onset  of  gel  formation.  For  the 
clarification  of  the  mechanism  of  formation  of  molecular  bonds 
in  polypropylene  an  investigation  was  made  of  the  influence 
of  various  unsaturated  additives  containing  double  bonds  of 
specific  types  on  the  cross-linking  of  polypropylene.  Since 
the  concentration  of  double  bonds  in  the  additive  will  react 
mainly,  which  will  hinder  the  formation  of  Intermolecular  cross-links 
in  the  polymer.  In  this  case  it  was  established  that  the 
gel  point  is  shifted  most  strongly  to  the  side  of  large  doses 
by  the  additive  2-methyl-butene-l ,  in  the  presence  of  which  gel 
formation  Is  begun  only  after  irradiation  up  to  150  Mrad.  Gel 
formation  is  also  delayed  In  the  case  when  in  any  manner  the 
double  bonds  formed  in  the  polymer  are  destroyed.  Thus  vinylidene 
double  bonds  in  polypropylene  are  expended  in  the  reactions  of 
formation  of  molecular  bonds.  This  is  probably  conditioned  by 
their  higher  mobility,  and  also  by  presence  In  the  structure  of 
such  a  grouping  of  the  quaternary  atom  of  carbon,  which  facili¬ 
tates  the  localization  jf  the  excitation  energy  on  the  double 
bond . 
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It  is  known  that  during  the  irradiation  of  rubbers  conjugated 
bonds  are  formed  in  the  polymer  chain:  diene  and  triene  systems 
[36].  In  work  [58]  they  established  that  polyethylene  Marlex-50 
after  irradiation  up  to  a  dose  of  2000  Mrad  at  room  temperature 
acquired  a  yellow  shade  and  had  weak  absorption  bands  in  the 
ultraviolet  spectrum  at  275,  285,  307,  and  322  to  356  mp .  These 
absorption  bands  can  be  conditioned  by  trienes  and  higher  polyenes. 
In  the  infrared  spectrum  of  irradiated  polyethylene  an  absorption 
band  is  observed  [125]  in  the  area  of  985  cm  *  which  appears 
during  the  irradiation  of  polyethylene  up  to  a  dose  greater  than 
50  Mrad  and  £rans-conjugated  ' dienes  -CH  =  CH-CH  =  CH-  were 
assigned  to  it. 

With  the  help  of  ultraviolet  spectrometry  the  formation  of 
polyenes  CH^CCH  '=  CH)nCH^  has  been  shown  with  n  from  2  to  5 
in  linear  polyethylene  [116].  The  formation  of  dienes  occurs  at 
a  much  greater  rate  than  it  is  possible  to  expect  on  the 
strength  of  the  law  of  chance  and  is  disproportional  to  the 
concentration  of  vinylene  groups.  Several  mechanisms  have  been 
proposed  for  the  formation  of  polyenes. 

The  mechanism  of  formation  of  *ra«8-v inylene  groups  is 
represented  differently  by  various  authors  [117]*  One  of  the 
proposed  mechanisms  is  reduced  to  the  interaction  of  two  alkyl 
radicals 

2  (-CH2-CH-CH,-CHj_)  -  — CH2— CH,— CHj— CH,—  +  (  y  4  ) 

-i  — CHj— CH  =  CH-CH.— 

It  is  assumed  that  trana- vinylene  groups  can  also  participate 
in  cross-linking  [117]. 

On  the  basis  of  the  study  of  radiolysis  of  solid  paraffins 
in  work  [118]  the  conclusion  is  made  that  cross-linkages  between 
chains  are  formed  as  a  result  of  the  recombination  of  allyl 
radicals . 
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The  process  of  formation  of  trans -vinylene  groups  was 
considered  as  a  process  completely  distinct  from  cross-linking, 
and  it  was  assumed  that  double  bonds  during  irradiation  are 
formed  by  means  of  the  extraction  of  two  adjacent  atoms  of 
hydrogen  as  a  result  of  one  primary  radiation  event  [1153* 

This  point  of  view,  extended  also  to  the  process  of  formation 
of  vinyl  type  double  bonds,  is  presented  in  work  [ M 9 3 •  The 
regularities  of  accumulation  and  disappearance  of  vinyl  groups 
in  the  opinion  of  these  authors  testify  to  the  substantial  role 
of  the  migration  of  energy  or  charge  during  the  irradiation  of 
polyethylene. 

One  of  the  possible  mechanisms  of  the  formation  of  trans- 
vinylene  double  bonds  is  the  migration  of  free  valence  along 
the  chain  up  to  an  encounter  with  another  free  valence,  for 
example 


— CHj-CH-CH.— CH,— CH-CH,—  - 
-  -CH-CH  =  CHCHsCHjCH*- 


Such  a  process  is  exothermic  (5?  cal/mole)  [77,  122].  It  is 
possible  that  an  increase  in  the  concentration  :>f  vinylene  groups 
after  irradiation  is  the  result  of  the  isomerization  of  vinyl 
and  vinylidene  groups. 

The  mechanism  for  the  disappearance  of  trana-vinylene  groups 
also  is  not  very  clear.  They  assume  [3*0  that  this  type  of 
double  bond  disappears  during  cross-linking  in  the  reaction 


*  RCH  =  CHR'-RCHCHR; 

H 

1 

RCH— CHR'  4-  — CHj— CHi—  -  R-C-CH.R' 

-CH-CH,— 
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This  mechanism  is  reduced  to  the  transfer  of  energy 'of  electron' 
excitation  from  the  polymethylene  chain  to'  the  double  bond, 
which  is  activated  and  participates  in  the  'cross-linking  as 
shown  above. 


Along  with  free-radical  prpcesses  an  analysis  was  made  • 
[40]  of  ionic-molecular  reactions  of  the  disappearance  of  trans- 
vinylene  groups  .  '  : 


H 

-4-  I 

— CH— CH.--  +  RCH  =  CHR'  -  -C-CH*- 

RCHCHR' 


1  v. 

(77) 

■  i 


This  reaction  can  be  continued  as  a  chain. 


The  disappearance  of  vinyl  groups  can  occur-  in  the  processes 
of  free-radical  polymerization,  isomerization  of  olefins,  or 
during  cyclization  [124],  and  also  in  the  presence  of  reactions 
of  end  cross-linking  ■ 

U— ClI—CHj  -  RCH— CH* 

R' 

RCMCHi  4-  R’CII.R*  -  RCH.-CHt-^H  !  ‘  (78) 

;  i  1 

R'  ■ 

: 

i 

t 

The  ionic-molecular  mechanism  described  above  [40}  is  -alsd  a 
variety  of  the  reaction  of  end . cross-linking  and  can  be> respon¬ 
sible  for  the  disappearance  of  vinyl  groups. 

.  *  J 

.  i 

The  thorough  experimental  investigation  [126]  of  the  decrease 
in  the  number  of  vinyl  groups  in  polyethylene  Marlex-50  and  , 

*  i 

theoretical  calculations  showed  that  the  most  probable  mechanism 
for  the  disappearance  of  vinyl  nonsaturation  is  the  reaction  of 
ionic-molecular  dimerization. 
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According  to  the  data  of  work  [35] ,  the  disappearance  of 
vinylidene  groups  takes  place  according  to  a  law  of  the  first 
order  with  the  same  rate  constant  of  reaction  as  for  vinyl 
groups.  This  made  it  possible  to  assume  that  also  the  mechanism 
for  their  disappearance  should  be  similar  to  the  mechanism  for 
the  disappearance  of  vinyl  groups,  especially  it  should  give 
rise  t,o  cross-linkage. 

i 

Apparently  not  all  vinylidene  bonds  participate  in  cross- 
linking  [35],  since  the  vinylidene  groups  are  localized  near  the 
lends  of  molecules,  and  the  terminal  bonds  are  formed  easier  than 
crossed.  Furthermore  there  is  the  possibility  of  the  formation 
of  intermolecular  cross-links  or  rings  which  cannot  be  detected 
by  measurement  of  the  gel  fraction.  Finally  the  isomerization 
of  double  bonds  can  occur  [127-120]. 

The  kinetics  of  the  disappearance  of  vinylidene  groups  is 
especially  interesting  to  observe  in  the  example  of  isotactic 
polypropylene.  During  radiolysis  of  this  material  one-and-a- 
half  breaks  occur  for  one  cross-linking  [33].  This  ied  to  the 
assumption  about  the  flow  of  the  following  reaction  of  dispro¬ 
portionation  leading  to  the  breakings  [107]: 


CH,  CHi  CHi  CH, 

I  .  !  1| 

-CH— CHS  -j-CH-CH* - C-CH,-f  CH,— CHj- 


The  actual  relationship  of  the  number  of  breaks  to  the  number  of 
vinylidene  groups  formed  was  1:1,  which  also  follows  from 
expression  (79). 


The  nonsaturativn  of  polymers'  in  radiation  chemistry  was 
investigated  with  the  help  of  the  supplementary  introduction  into 
polyethylene  of  compounds  containing  allyl  and  vinyl  groups 
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(triallyl  cyanurate,  1 .19-eicosanediene,  and  divinylbenzene) , 
and  on  the  basis  of  the  results  obtained  a  conclusion  was 
arrive!  at  concerning  the  possibility  of  the  transfer  of  energy 
on  the  chain  and  the  localization  of  it  close  to  unsaturated 
groups  [120].  In  the  opinion  of  these  authors  trans- vinylene 
groups  facilitate  an  increase  in  the  yield  of  the  cross-linking 
of  a  polymer  during  irradiation. 

The  investigation  of  the  mechanisms  for  the  formation  and 
consumption  of  the  nonsaturation  of  various  types  during  the 
irradiation  of  polymers  is  treated  in  a  significant  number  of 
works  [31*,  72,  76,  9^j  95,  119,  120,  131-135],  however,  the 
experimental  data  obtained  at  the  present  time  does  not  permit 
the  sufficiently  simple  and  unambiguous  revelation  of  the  nature 
of  these  processes. 

Gas  Evolution  During 
Irradiation 

One  of  the  important  chemical  processes  which  proceed  in 
polymers  during  irradiation  is  the  liberation  of  the  gaseous 
products  of  radiolysis. 

The  most  studied  is  the  gas  evolution  of  polyethylene  and 
polypropylene  [136,  137].  In  Table  5  the  compositions  are  given 
of  gases  which  are  liberated  during  the  radiolysis  of  polyethy¬ 
lene  and  polypropylene  [136]. 

These  compositions  of  gases  relate  to  equilibrium  solubility 
in  the  polymer  at  25°C  following  irradiation.  The  fundamental 
gaseous  irradiation  product  of  polyolefins  is  hydrogen.  If 
irradiation  Is  conducted  at  -196°C  all  the  gases  in  the  sample 
remain  frozen  up  to  the  moment  of  heating  the  polymer  to  a  higher 
temperature.  It  has  been  shown  [23]  that  in  polyethylene  Marlex-50 
diffusion  of  hydrogen  was  detected  only  after  heating  of  the 
samples  from  -196  up  to  -100°C. 
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Table  5.  The  gaseous  products  which  are  liberated  during  the 


Polyethylene 

Polypropylene  j 

Gaseous  product 

linear, 

20°C 

branched, 

2C°C 

isotactic, 

-196°C 

isotactic , 
20°C 

Atactic 

20°C 

h2 

99.7 

94-3 

97.3 

97.2 

95.7  | 

CH^ 

0.1 

0.3 

2.2 

2.5 

3.9  : 

c2ha 

- 

0.4 

- 

- 

j 

C2H6 

0.1 

0.5 

- 

0.1 

0.1  • 

C3H8 

- 

0.2 

0.3 

0.1 

0.2 

n"C4H10 

- 

1.3 

- 

- 

0.1 

Iso-C^K10 

0.1 

- 

- 

- 

0.1 

Pentane 

- 

0.2 

- 

- 

' 

Hexane 

- 

0.3 

- 

- 

- 

It  is  interesting  to  note  that  the  composition  of  the 
liberated  gases  reflects  the  chemical  structure  of  side  chains. 
From  linear  polyethylene  Marlex-50  during  irradiation  almost 
pure  hydrogen  is  liberated.  During  the  irradiation  of  isotactic 
and  atactic  polypropylene  more  methane  is  formed  than  during 
the  irradiation  of  polyethylene.  In  the  case  of  the  irradiation 
of  branched  polyethylene  six  times  more  butane  than  propane  is 
liberated;  the  latter  Is  apparently  connected  with  the  fact  that 
In  the  chain  of  polyethylene  there  are  side  branches  in  the  form 
of  chains  made  from  four  atoms  of  carbon.  According  to  the 
theory  of  bt’anching  of  chains  [138]  this  is  the  most  probable 
length  of  the  side  branches  in  polyethylene.  Furthermore  it  has 
been  experimentally  confirmed  [139]  that  the  ratio  of  the  content 
of  ethyl  and  butyl  side  groups  in  polyethylene  of  low  density  is 
equal  to  2:1. 
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In  work  [1^0]  an  investigation  is  made  of  various  irradiated 
samples  of  polymethylene  with  branches  of  known  length  synthesized 
on  the  basis  of  mixtures  of  the  appropriate  diazoalkanes.  An 
analysis  of  the  gaseous  products  showed  that  besides  hydrogen 
the  fundamental  gaseous  products  are  the  products  of  the  breakaway 
of  the  side  groups  from  the  chain  of  polymethylene. 

During  the  irradiation  of  polyolefins  in  an  inert  atmosphere 
the  weight  of  the  polymer  is  reduced.  If  polyolefins  are  irradiated 
in  the  air  or  in  a  medium  which  is  able  to  interact  chemically 
with  the  products  of  the  radiolysis  of  the  polymer  (for  instance, 
in  the  medium  of  a  monomer) ,  then  an  increase  in  weight  is 
possible  as  a  result  of  the  attachment  of  oxygen  or  a  monomer 
to  the  molecule  of  polymer. 

With  the  breaking  of  the  C-C  bond  two  free  radicals  are 
formed  which  can  recombine  as  a  result  of  the  cage  effect,  and 
in  this  case  they  cannot  be  detected.  If  they  diffused  from 
one  another  prior  to  recombination,  then  each  of  them  can 
subsequently  recombine  with  the  other  free  radicals.  To  dispro¬ 
portionate  or  to  be  inactivated  by  means  of  the  breakaway  of 
the  atom  of  hydrogen  from  the  nearest  molecule  of  the  polymer 


2C|H,-  -*  C|H,  H-CjHi,, 

(80) 

(81) 

2R-  -  R-R, 

(82) 

r  +hJ:-rh+hc. 

(83) 

The  low  yield  of  unsaturated  compounds  (see  Table  5)  and  also 
ethane  during  the  irradiation  of  polypropylene  testifies  to 
the  preponderance  of  reaction  (83).  As  can  be  seen  from  Table  5, 


there  is  no  substantial  difference  between  atactic  and  isotactic 
polypropylene  -  in  contrast  to  linear  and  branched  polyethylene. 
Since  the  significant  yield  of  gaseous  hydrocarbons  in  the  latter 
case  is  explained  by  the  large  number  of  short  side  branch  ...  and 
end  groups  in  polyethylene  of  low  density  as  compared  with 
polyethylene  of  high  density,  it  may  be  concluded  that  in  atactic 
polypropylene  there  are  no  more  end  groups  than  in  isotactic 
[141],  although  in  work  [142]  it  is  proposed  that  the  difference 
in  the  properties  of  isotactic  and  atactic  polypropylene  is 
conditioned  by  the  difference  in  the  degree  of  branching,  and 
not  in  steric  regularity.  Really  in  work  [100]  it  has  been  shown 
that  atactic  polypropylene  is  branched. 

In  Table  6  the  values  are  given  for  the  radiochemical 
yields  of  gases  from  polyethylene.  Yield  G(H2)  for  liquid 
polyethylene  at  142°C  is  equal  to  6,  i.e.,  is  greater  than  for 
liquid  n-hexane  at  25°C,  which  is  equal  to  4.95  [143,  144 j. 

In  another  work  [145]  liquid  cyclohexane  was  irradiated 
by  y-radiation  of  Co^°  at  temperatures  from  -60  to  25°C  and  a 
value  of  G(HD2)  =5.8  was  obtained.  This  value  does  not  depend 
on  the  temperature  of  irradiation  and  is  practically  Identical 
with  G(H2)  for  liquid  polyethylene  at  142°C.  Or.  this  basis 
it  is  possible  to  assume  that  the  mechanism  for  the  liberation 
of  hydrogen  in  both  cases  is  identical. 

The  formation  of  hydrogen  during  the  radiolysis  of  poly¬ 
ethylene  was  investigated  in  detail  [146].  Radiochemical  yield 
G(H2)  drops  with  a  temperature  decrease  in  the  indicated  range 
from  5.8  to  4.7;  this  is  explained  by  the  more  effective  protec¬ 
tive  action  of  the  products  of  radiolysis  being  accumulated  at 
low  temperature.  The  radiochemical  yield  of  hydrogen  at  room 
temperature  depends  on  the  irradiation  dose,  whereupon  in  the 
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range  of  doses  of  0-60  Mrad  the  minimum  value  is  observed.  A 
delay  has  been  established  in  the  liberation  of  hydrogen  during 
the  low-temperature  radiolysis  of  polyethylene  and  low-molecular 
hydrocarbons.  Thus,  during  the  irradiation  of  polyethylene  up 
to  a  dose  of  6250  Mrad  at  a  temperature  of  -110°C  95$  of  entire 
amount  of  hydrogen  formed  in  it  is  delayed.  The  delay  of  hydrogen 
in  polyethylene  bears  a  predominantly  diffusion  nature:  in 
this  case  it  is  assumed  that  hydrogen- is  accumulated  •'n  the  places 
of  disposition  of  the  double  bonds  which  have  less  "molecular 
volume"  in  comparison  wu.th  C-C  bonds. 


Table  6.  Radiochemical  yield  of  gases  during  the  irradiation 
of  polyolefins. _ _ _ _ _ 


Polymer 

Characteristics 

Gas 

Temperature 
during  irra¬ 
diation,  °C 

Radio¬ 

chemical 

yield 

Polyethylene 

linear 

Solid 

H 

2 

-196 

3-0 

It 

H2 

25 

3.8 

Liquid 

H2 

142 

6.0 

branched 

Solid 

h2 

-196 

3.4 

11 

H2 

25 

4.1 

Polypropylene 

Atactic 

h2 

25 

2.3 

CH^ 

25 

0.09 

Isotactic 

H2 

-196 

2.5 

CH^ 

-196 

0.05 

h2 

25 

2.7 

CHjj 

25 

0.07 
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The  values  of  the  integral  yield  of  the  gaseous  products 
of  radiolysis  of  various  polymers  during  irradiation  up  to  a 

g 

dose  of  10°  rad  are  given  in  Table  7 • 

Table  7.  The  yield  of  gas  during  the  irradia- 
tion  of  various  polymers  [18]. _ 


Polymer 

Number  of 
molecules 
per  100  eV 

Polytetrafluoroethylene 

0.051 

Poly isobutylene 

0.74 

Polyvinyl  alcohol 

0.96 

Polystyrene 

0.069 

Polymethyl  methacrylate* 

1.11 

Polybutadiene 

0.23 

Polyethylene 

2.03 

Polyacrylonitrile 

0.33 

Polymethyl  acrylate 

2.89 

Natural  rubber 

» 

0.44 

The  results  of  the  analysis  of  the  gaseous  prod^jts  of 
radiolysis  [147]  of  liquid  branched  alkanes  made  it  possible 
to  assume  that  the  simple  breaking  of  the  C-C  bond  does  not 
occur,  but  this  bond  is  broken  predominantly  close  to  the 
branching  point.  These  conclusions  are  important  for  the 
understanding  of  differences  in  the  behavior  of  polymers  during 
irradiation. 


I 

THE  INFLUENCE  OF  THE  CONDITIONS  OF 
IRRADIATION,  PHASE  STATE,  AND  THE 
PECULIARITIES  OF  POLYMER  STRUCTURE 

The  Influence  of  the  Medium  and  Dosg  Rate 

It  is  known  that  the  medium  in  which  irradiation  is  conducted 
has  a  very  strong  influence  on  the  physical,  chemical,  and  electric 
pi  >perties  of  polymers.  This  has  been  demonstrated  many  times  in 
the  example  of  the  influence  of  oxygen  on  polyethylene  and  other 
polyolefins  [148-155]. 

The  Influence  of  Oxygen  During  Irradiation 

During  the  irradiation  of  polyethylene  in  an  atmosphere  of 
oxygen  (air),  the  free  radicals  which  emerge  react  with  the  oxygen, 
thus  forming  various  oxidation  products . 

A  comparison  of  the  data  obtained  in  samples  with  a  different 
relationship  of  areas  and  volume  (for  instance,  fine  films  and 
grains)  showed  [150,  156,  157],  that  oxidation  during  irradiation 
is  mainly  a  surface  effect. 

In  work  [75]  a  study  was  made  of  the  kinetics  of  oxygen 
absorption  during  and  after  the  irradiation  of  a  fine  film  made 
from  polyethylene  Marlex-50  which  did  not  contain  an  antioxidant. 

The  results  of  the  determination  of  the  gaseous  products  formed 
and  also  the  measurements  of  the  quantity  of  oxygen-containing 
groups  by  the  method  of  infrared  spectrometry  are  given  in 
Table  8. 

The  formation  of  oxygen-containing  groups  in  a  polymer  has 
a  negative  influence  on  the  yield  of  radiation  cross-linking  and 
lowers  the  resistance  of  the  polymer  to  heating. 

During  the  initial  stages  of  irradiation  in  doses  less 
than  1  Mrad  all  the  dissolved  oxygen  (which  in  polyethylene,  for 
example,  is  quite  little)  reacts  with  the  polymer.  The  further 
course  of  reaction  of  oxidation  is  limited  by  the  rate  of  diffusion 
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Table  8.  Products  which  are  formed  during  the 
radiation  oxidation  of  polyethylene 


Gaseous 

products 

Partial 

pressure , 
mm  Hg 

1 

Oxygen-containing 

products 

Relative 
Content,  % 

i!2 

66. 7 

RC  =  0 

25 

CO 

5.7 

H2° 

14 

H_0 

18.1 

“a 

6 

°°2 

4.2 

CO 

5 

Hydroperoxide  and  alcohols 

50 

Hote.  Polyethylene  Marlex-50  unstabilized,  film  thickness 
0.0366  cm,  integral  dose  6.47'102®  eV/g. 


of  oxygen  into  the  polymer.  At  the  high  dose  rates  this  produces 
little  effect  because  the  dissolved  oxygen  already  reacted,  the 
access  of  oxygen  from  without  (as  a  result  of  diffusion)  is  not 
great  and  irradiation  flows  practically  in  an  inert  atmosphere. 

At  low  dose  rates  oxygen  noticeably  influences  the  processes 
which  flow  during  irradiation  in  polymers. 

The  value  of  radiochemical  yield  of  radiolytic  bonding  of 
oxygen  in  a  polymer  G(-C>2)  depends  very  strongly  on  many  factors 
and  especially  on  the  thickness  of  the  film  of  polymer,  the 
intensity  of  irradiation,  and  the  pressure  of  oxygen  [75 »  150, 
152,  158].  With  an  increase  in  the  thickness  of  film  the  value 
of  G(-02)  first  increases,  reaching  a  maximum,  and  then  it 
diminishes,  when  film  becomes  already  so  thick  that  the  oxygen 
cannot  diffuse  through  it  sufficiently  rapidly  and  enter  into  a 
reaction  with  all  the  free  radicals  being  formed.  Peak  value 
G(-G2)  »  9.9  for  a  film  thickness  of  0,021  cm  and  an  initial 
pressure  of  oxygen  of  5*5  cm  Hg.  Using  the  kinetic  equations 
which  take  into  account  both  the  diffusion  of  oxygen  into  sample 
through  the  surface  and  the  interaction  with  the  free  radicals 
being  formed  it  was  calculated  that  the  peak  value  of  G(-02)  at  a 
high  pressure  of  oxygen  would  be  equal  to  15  ±  3  [75], 
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Many  polymers  are  very  sensitive  to  oxidative  degradation 
during  the  irradiation*  and  even  traces  of  oxygen  substantially 
influence  the  process  of  radiolysis.  Thus  in  work  [100]  it  was 
shown  that  very  small  quantities  of  oxygen  (0.01-0.4  wt.  %) ,  which 
are  present  in  polypropylene,  are  the  reason  for  the  degradation 
of  polymer  chains  in  the  area  of  the  small  irradiation  dose. 

Further  it  is  known  that  in  the  case  of  the  irradiation  of 
polyethylene  at  room  temperature  in  the  presence  of  air  or  oxygen 
the  quantity  of  gel  fraction  formed  diminishes.  In  Table  9 
data  are  given  from  work  [152]  on  the  influence  of  the  dose  rate, 
pressure  of  oxygen,  and  thickness  of  the  film  of  polyethylene 
on  formation  of  the  gel  fraction  with  a  dose  of  10  Mrad. 


Table  9.  The  decrease  in  the  content  of  gel 
fraction  in  polyethylene  irradiated  up  to  a 
dose  of  10  Mrad  in  the  presence  of  0^. 


Thickness  of 

Pressure  0^, 

Relative 

Gel  fraction 

film,  ram 

atm 

dose  rate 

content,  % 

n 

0 

1 

52.5 

■29  1 

10 

1 

19 

0.36 

10 

0.2 

14 

0.33 

10 

0.1 

6.5 

0.33 

10 

0.05 

0 

From  the  available  literature  data  it  is  not  possible  to 
make  an  unequivocal  conclusion  whether  or  not  the  decrease  in  gel 
formation  in  the  presence  of  oxygen  is  the  result  of  the  inhibition 
of  cross-linking  or  acceleration  of  degradation  or  of  both  factors 
simultaneously.  In  work  [159]  they  assume  that  degradation 
increases,  and  cross-linking  is  not  sensitive  to  the  presence  of 
oxygen.  These  data  agree  with  the  theoretical  equation  of 
Charlesby  for  gel  formation  during  the  simultaneous  flow  of 
cross-linking  and  degradation.  Nevertheless  the  authors  of  work 
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[160]  consider  that  in  the  presence  of  oxygen  Q(x)  diminishes.  The 
modulus  of  elasticity  at  150°C,  proportional  to  the  number  of 
cross-links,  after  irradiation  in  a  reactor  in  air  was  four  times 
less  than  during  irradiation  in  a  vacuum. 

In  work  [36]  it  has  been  shown  that  oxygen  completely 
inhibits  the  formation  of  dimer  during  the  radiolysis  of  n- 
hexane.  Apparently  oxygen  can  inhibit  the  reaction  of  cross- 
linking.  During  irradiation  of  alkanes  with  branched  chains  in 
a  vacuum  it  was  established  [147]  that  breaks  of  simple  C-C  bond 
do  not  occur,  but  they  are  observed  near  the  branching  points.  In 
work  [l6l]  it  is  noted  that  oxygen  diminishes  the  yield  of  cross- 
linking  and  facilitates  the  course  of  degradation. 

The  Mechanism  of  Radiation  Oxidation 

The  investigation  of  the  mechanism  of  radiation  oxidation 
of  hydrocarbons,  including  polymers,  has  been  treated  in  many 
works . 

Thus  the  data  .obtained  by  photooxidation1  of  hydrocarbons  [162] 
could  be  interpreted,  assuming  the  flow  of  the  following  chemical 
reactions  between  the  free  radicals  formed  under  the  Influence  of 
radiation  and  oxygen: 

R+0,-ROr.  (84) 

The  R0*2  radical  '.an  further  participate  in  reactions  in  two 
various  ways 


xThe  differences  between  radiochemical  and  photochemical 
processes  (see  page  22)  do  not  eliminate  the  possibilities  of  the 
initiation  of  radical  reactions,  oxidation  for  example,  if  the 
energy  of  the  light  quantum  is  sufficient  for  breaking  the  chemical 
bend  and  the  formation  of  a  free  radical. 
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or 


RO,-  +RH-ROOH  +  R. 
R-  +  Oj  -♦  RO,- 


H 

R'-A-O,-  -R'-C-R'  +  OH- 

I  U 

R*  0 


R'CHiR'  4- OH-  -.  R'-C-R’  4-  H,0 

A 

H 

R'_C_R*  +  0,-.  R-A— R* 

L  l 

H  Oi 


(85) 

(86) 

(87) 

(88) 

(89) 


The  activation  energy  of  reaction  (85)  in  the  gaseous  phase 
comprises  more  than  17  Cal/mole.  Therefore  reaction  (85)  does 
not  flow  at  a  noticeable  rate  at  temperatures  below  100°C,  if 
the  R02-  radical  after  formation  does  not  possess  a  significant 
excess  energy.  Reaction  (87)  is  exothermic,  but  probably  is 
characterized  by  a  high  preexponential  factor  in  the  kinetic 
equation,  and  chain  reactions  (87)- (89)  can  flow  slowly.  Peroxides 
and  hydroperoxide  are  formed  in  reactions  of  the  type 


RO,-  +  HO*-  -  ROOH  4- Qi. 

RO.-  4-  RO.-  -  ROOR  4-  O*. 

The  free  H02*  radical  can  originate  in  the  reaction 

R'CH;R*  -p  Q,  -HQr  4-*R'CHR* . 


(90) 

(91) 

(92) 


Ionizing  radiations  easily  generate  ozone  in  the  air, 
therefore  reaction  (92)  flows  very  intensively. 

In  work  [161]  in  the  examination  of  the  influence  of  oxygen 
and  peroxides  on  irradiated  polymers  the  conclusion  is  made  that 
oxygen  can  attach  itself  to  the  double  bonds  formed  under  the 
influence  of  radiation;  the  peroxides  obtained  3.n  this  case  then 
decompose  and  form  two  carbonyl  groups  (water  in  this  case  is 
not  formed): 
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(93) 

(94) 


RR' CHCHR'R” - - RR'C  =  CR'R"  -j-  H, 

RR'C  •--=  CR"R"  -r  0*  -  RR'C-C-R'R" 

«u 

0-0 

RR'-C-iR'U’  -  RR'C-  0  O  =  CR’R” 


Flow  and  other  reactions  are  possible  [751* 


(95) 


The  best  proof  of  the  formation  of  peroxides  during  the 
irradiation  of  polyethylene  in  the  presence  of  air  is  the  following: 
the  polymer  which  was  formed  during  the  action  of  y-radiation 
on  vinyl  monomers  by  itself  can  initiate  polymerization  after 
the  termination  of  irradiation,  after  the  loss  of  its  polimeriza- 
tion  activity  it  is  possible  to  again  make  it  an  active  initiator 
of  polymerization  with  the  help  of  heating  [l6l,  163-166]. 

Analogous  results  were  obtained  in  work  [l4$]  by  another  method. 
Their  explanation  is  reduced  to  the  fact  that  during  the  irradia¬ 
tion  of  polyethylene  in  air  peroxide  bridges  were  formed  in  it  - 
unique  cross-linkages 

R\  /R' 

CH-O-O-CH 

R'/  \r- 

Upon  heating  to  150°C  the  peroxide  bond  0-0  is  broken  and  at  the 
site  of  the  break  free  RO* radicals  are  formed  which  are  able  to 
initiate  polymerization. 

If  hydroperoxide  ROOH  are  formed,  then  breakings  are  possible 
at  lower  temperatures;  they  give  rise  to  formation  of  RO*  and  OH*. 
OH*  radicals  are  able  to  initiate  homogeneous  polymerization  in  a 
solution  of  monomers  while  RO*  radicals  can  initiate  mainly 
heterogeneous  or  graft  polymerization. 

The  Influence  of  Oxygen  After 
Irradiation  (After-Effects) 

It  was  revealed  [152]  that  polystyrene,  irradiated  in  a 

C 

vacuum  up  to  very  high  doses  (~10^  Mrad),  interacts  with  oxygen 
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over  a  period  of  several  days  after  direct  contact  with  air.  In 

•  i 

its  infrared  spectra  an: increase  is  observed  in  the  intensity  of 

■  -  '  — 1 ) 

the  absorption  bands  which  correspond  to  groups  of  CO  (at  1725  cm 

and  OH  (at  3^00  cm-1).  !  !  , 

.  i 

Still  earlier  [77]  they  observed  the  oxidation  of  polyethylene* 
irradiated  in  a  vacuum  following  itSj  transfer  into  an  air  medium. 

i 

Such  post-oxidation  of  polyethylene  of  low  density  was  insignificant 
during  irradiation  up  to  small  doses.  However,  highly  crystalline 
polyethylene  Marlex-50  was  ,-oticeably  oxidized  after  irradiation 
up  to  significant  doses ._  ,  .  / 

i 

*  j 

The  oxidation  process  in  air  after  irradiation  in  a  vacuum 
flows  for  a  sufficiently  long  time  [7^>  773 >  thus  the  increase  in 
the  intensity  of  the  absorption  bands  which  correspond  to  '  : 

carbonyl  grouj  s  is  continued  even  after  40  ’days'  of  bQing  kept 
in  air  at  room  temperature.’  =  _ 

•  I 

It  is  significant  to  note  that?  polyethylene  irradiated  in  . 
a  vacuum  in  molten  state  and  cooled  to  room  temperature  3,s  not 
oxidized  upon  contact  with  air.,  Hence  it  follows  that  oxidation  , 
after  irradiation  is  conditioned  by  free  radicals  captured  in  the 

polymeric  matrix.  The  opinion  that  the  influence  of  oxygen  on  a 

: 

polymer  after  irradiation  in  a  vacuum  is  conditioned  by  interaction  • 

-  1 

with  captured  free  radicals  is  universally!  recongized  [35,  122;  125, 

168-170].  In  literature  there  are  some  contradictions  relative 

! 

to  the  nature  of  these  captured  radicals  and  to  their  localization 
in  the  polymeric  matrix,  but  :it  is'  doubtless  that  crystalline  > 
polymers  following  irradiation  can  capture  free  radicals  for  a 
certain  period  of  time.  This  -is  mainfoldly  confirmed  by  the 
[EPR]  OriP)  method.  ••  . 

I  *  i 

:  1  : 

During  a  comparative  study  of  polyethylene  of  low  and  high 
density  it  was  shown  [125,  l8l]  that  polymers  with  high  degree  of  ! 
crystallinity  develop  a  greate’r  tendency  toward  the  capture  of 
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free  'radicals  on  the  surf act  of  crystallites.  Captured  radicals 
carl  exist  in  polymers  with  a  high  degree  of  crystallinity  for 
quite  a  prolonged  time  and  finally  disappear  as  a  result  of  some 
interaction.  Precisely  the  method  by  which  they  interact 
determines  the  final  properties  of  the  irradiated  polymer.  For 
instance,  highly  crystalline  polyethylene  Marlex-50  possesses  a 
noticeable  capacity  to  capture  free  radicals  during  irradiation. 

If  such  an  irradiated  polymer  is  then  stored  in  air,  oxygen  will 
slowly  diffuse  into  the  sample  and  interact  with  the  free  radicals. 
This  gives  rise  to  the  incorporation  of  oxygen  in  the  molecule  of 
polymer  as  well  as  subsequently  to  the  reactions  of  breaking  of 
the  polymer  chain. 

,  * 

In  work  [172]  they  have  shown  the  influence  of  holding  in 
air  of  polyethylene  Marlex-50,  irradiated  in  a  vacuum  up  to  a 
dose  ot  1.5*10^  rad,  on  physical  properties.  Tensile  and  rupture 
strength  during  breaking  were  measured  after  various  periods  of 
holding  the  samples  in  air.  It  was  revealed  that  relative 
elongatidn  is  strongly  lowered  with  an  increase  in  the  period 

i 

of  holding  in  air. 

Annealing  in  inert  atmosphere  directly  after  irradiation  at  a 
temperature  higher  than  the  melting  point  of  crystallites  pre¬ 
vents  a  change  in  the  properties  of  a  polymer  during  prolonged 
storage  in  air  [35,  125]*  In  this  case  captured  radicals  manage 
to  react  ana  no  longer  can  participate  in  reactions  with  oxygen 
of  the  'air. 

The  Irtfluence  of  Various  Gaseous 
Media  , 

In  work  [151]  they  studied  the  influence  during  the  irradiation 
of  £  number  of  gaseous  media  (02,  N20,  CO,  H2,  Cl2,  S02,  NH^,  N02) 
on  the  y^eld  of  gel  fraction  and  the  coefficient  of  swelling  of 
polymers.  The  gas  pressure  during  irradiation  comprised  600  mm  Hg. 


It  has  been  established  that  t^O  somewhat  increases  gel  formation, 
CC,  Hg,  SC^,  and  CI2  practically  do  not  influence  this  process, 

0>2  reduces  the  content  of  gel  fraction  from  85-90$  at  a  dose  of 
50  Mrad  (irradiation  in  a  vacuum)  to  approximately  25$  at  20  Mrad, 
and  NC>2  completely  depresses  the  process  of  cross-linking  (the 
content  of  gel  fraction  is  practically  equal  to  zero).  According 
to  the  degree  of  influence  on  the  decrease  in  the  coefficient  of 
swelling  after  irraiiaticn  under  identical  conditions  these  gases 
can  be  arranged  in  the  following  order:  O2  >  Cl2  >  >  CO  >  S02; 

H2,  N2O.  The  results  in  the  decrease  in  the  coefficient  of 
swelling  in  the  presence  of  N02  are  not  given.  These  quantitative 
results  probably  depend  on  the  solubility  of  gases  in  the 
polymeric  film,  the  rate  of  their  diffusion  into  the  polymer, 
and  the  intensity  of  irradiation. 

The  noticeable  influence  of  N02,  which  is  expressed  in  the 
complete  suppression  of  the  process  of  formation  of  gel  fraction 
in  doses  up  to  50  Mrad  [151],  is  probably  conditioned  by  that  fact 
that  NC>2*  is  a  free  radical  and,  as  is  known,  can  influence  the 
breaking  of  chain  free-radical  reactions.  The  reaction  of  the 
type 

NOt 

-CH-  +  NOt-  -  -i-  (  qg  ) 

H 


undoubtedly  flows  at  a  high  rate. 

Irradiation  in  an  atmosphere  of  NgO  is  of  significant  interest. 
The  nitrous  oxide  exerts  a  sensitizing  action  [i.e.,  increases 
the  yield  of  the  radiation  cross-linking  G(x)]  on  the  process 
of  radiation  cross-linking  of  polyethylene  [173-176], 
polyisobutylene  [177]j  polypropylene  [178-179],  the  copolymer  of 
ethylene  with  propylene  [179],  and  polystyrene  and  polyamide  [180]. 
In  works  [173-176,  180]  .it  has  been  shown  that  during  the 
irradiation  of  polyethylene  in  an  atmosphere  of  N20  an  increase 
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is  observed  in  the  yield  of  cross-linking  by  Uk% ,  and  of  trans- 

vinylene  bond  -  by  87#  (at  a  pressure  N20  -  600  mm  Ht).  The 

gaseous  nitrous  oxide  during  the  irradiation  is  expended  with  a 

■3 

very  large  yield  G  =  10 J  with  the  formation  of  N2  and  H20,  the 
quantity  of  which  stoichiometrically  corresponds  to  the  reaction 

NjO^N-hH.0  (S 


The  formation  of  cross  and  trans- vinylene  double  bonds 
increases  monotonically  with  an  increase  in  concentration  of 
N20  in  the  polymer.  Since  in  polyethylene  only  0.1  wt.  #  N20 
is  dissolved,  the  energy  absorption  of  radiation  with  molecules 
N20  is  very  low  as  compared  with  the  energy  absorbed  by  the 
polymer.  The  high  yield  of  decomposition  of  N20  made  it  possible 
to  assume  that  part  of  the  energy  absorbed  by  the  polymer  is 
transferred  to  N20  molecules  and  the  excited  N20  molecules  break 
away  H  atoms  from  polymer  segments  located  in  the  vicinity: 


— CH,— CH,— CH*—  +  N.0  -  -CH,-CH,-CH,-  +  N,0* 

Y„, 

N'tO*  4-  N*  +  HjO 

I 

CH*  CH 
/\  /\ 


— CH,— CH,—  -ni  -CH  =  CH-  +  N,  +  H,0 


(100) 


By  the  transmission  of  part  of  radiant  energy  absorbed  by  polymer 
to  the  nitrous  oxide  dissolved  in  it  it  is  possible  to  explain 
the  decrease  observed  in  the  yield  of  degradation  of  polyisobutylene 
in  the  presence  of  N20  [177] • 


In  the  works  [167,  178]  the  sensitizing  action  of  nitrous 
oxides  is  connected  with  the  property  of  N20  molecules  to  fulfill 
the  role  of  electron  acceptor. 
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The  Influence  of  Dose  Rate 


It  was  predicted  from  general  considerations  that  the  pro¬ 
cess  of  cross-linking  of  polymers  should  not  depend  on  the 
intensity  of  irradiation  [l8l].  This  was  shown  experimentally 
[182]  on  samples  of  polyethylene  of  low  density  during  irradiation 
in  a  vacuum  (residual  pressure  not  higher  than  ~10  J  mm  Hg)  by 
fast  electrons  (dose  rate  6,  12,  24,  338,  and  2070  Mrad/min).  The 
results  obtained  clearly  show  that  the  quantity  of  cross-linkages 
is  proportional  to  the  integral  dose  and  does  not  depend  either 
on  the  dose  rate  or  the  energy  of  the  electrons. 

It  is  necessary  to  note  that  only  during  irradiation  in  a 
vacuum  was  no  influence  of  dose  rate  observed.  During  irradiation 
in  air  a  noticeable  dependence  on  dose  rate  Is  observed  but  in 
this  case  the  determining  role  is  played  by  the  diffusion  rate 
of  oxygen  into  the  polymeric  matrix  [183 ].  It  must  also  be  noted 
that  at  very  high  dose  rates  part  of  radiant  energy  is  scattered 
in  polymer  in  the  form  of  heat;  as  a  result  the  temperature  of 
the  polymer  during  irradiation  is  raised,  which  can  also  noticeably 
influence  the  reaction  yield  of  radiation  cross-linking. 

The  Influence  of  Temperature,  Degree 
of  Crystallinity ,  Supramolecular 
Structure,  and  Molecular  Weight 
Distribution 

The  majority  of  polymers,  including  polyolefins,  represent 
compound  formations  with  a  various  degree  cf  order  of  segments 
of  macromolecular  chains.  It  is  considered  that  ordering  at 
the  molecular  levels  corresponds  to  a  determined  degree  of 
crystallinity;  the  totality  of  the  erratic  sections  of  macro¬ 
molecules  forms  the  amorphous  phase  [184].  However,  this  concept 
is  very  conditional  and  in  the  last  decade  underwent  a  basic 
review  [185-18?].  The  development  of  the  experimental  technique 
for  studying  the  structure  of  polymers,  especially  methods  of 


electron  microscopy,  made  it  possible  to  reveal  large  aggregates 
in  them  -  areas  including  many  molecules  -  the  so-called 
"supramolecular  structures." 

It  is  natural  that  the  degree  of  order  of  structure  and 
the  level  on  which  this  ordering  is  developed  substantially 
influence  the  various  properties  of  the  polymer  and,  in  turn, 
depend  strongly  both  on  the  structure  of  the  polymer  chain  and 
on  the  mobility  of  the  marcomolecular  chains  and  their  individual 
sections  or  segments,  which  is  determined  by  temperature. 

The  molecular  weight  of  a  polymer,  its  polydispersion 
(distribution  by  molecular  weights),  and  the  conformation  of 
molecules  also  to  a  greater  or  lesser  degree  determine  the  relative 
packing  of  chains. 

In  this  connection  the  interest  is  understandable  which  is 
systematically  displayed  by  many  investigators  in  the  study  of 
the  influence  of  all  the  factors  noted  above  on  radiochemical 
processes  which  proceed  in  polymers  during  irradiation. 

The  Influence  of  Temperature  and 
Degree  of  Crystallinity 

It  has  been  established  that  the  degree  of  cross-linking  of 
polyolefins  depends  on  the  temperature  at  which  irradiation  of 
the  polymer  is  conducted  [34,  73,  89,  123,  125,  163]-  Many  authors 
studied  this  phenomenon  on  samples  of  polyethylene  with  a  various 
degree  of  crystallinity  and  observed  that  the  yield  of  cross- 
linking  in  the  range  from  -253  to  -4o°C  does  not  depend  on 
temperature;  in  proportion  to  the  further  temperature  increase 
the  yield  of  cross-linking  increases.  It  is  interesting  to  note 
that  G(x)  and  G(H2)  are  changed  symbaticaily . 
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In  the  case  of  the  irradiation  of  polyethylene  of  high  and 
low  density  at  low  temperatures  and  in  a  melt  a  significant 
difference  was  detected  in  the  yield  of  gel  fraction  [125].  The 
analysis  of  these  data  made  it  possible  for  the  authors  of  this 
work  to  assume  that  mainly  amorphous  sections  of  the  polymer  are 
subjected  to  cross-linking.  The  free  radicals  which  were  formed 
during  the  irradiation  in  crystalline  ranges  are  captured  by  them, 
whereas  the  capture  of  radicals  in  polyethylene  of  low  density 
is  half  as  much  as  in  polyethylene  of  high  density,  and  cross- 
linking  at  150°C  is  more  effective  in  the  first  case  than  in  the 
second.  Polyethylene  of  both  high  and  low  density  which  is 
irradiated  at  a  temperature  of  25° C  can  be  subjected  to  further 
cross-linking  in  the  case  of  rapid  heating  to  150°C  in  an 
atmosphere  of  nitrogen.  The  summary  effectiveness  of 
cross-linking  in  this  case  is  half  as  much  as  during  the  irradia¬ 
tion  of  the  polymer  directly  in  an  amorphous  state  (at  elevated 
temperatures ) . 

The  yield  of  trans-v inylene  nonsaturatior)  during  irradiation 
also  depends  on  temperature  and  increases  in  proportion  to  its 
increase. 

In  the  work  [1133  it  was  shown  that  the  number  of  double  bonds 
of  the  vinylidene  type  formed  depends  on  the  temperature  of  the 
irradiated  polymer.  During  the  irradiation  of  isotactic 
polypropylene  up  to  a  dose  of  200  Mrad  at  room  temperature  2.5 
times  less  vinylidene  bonds  are  formed  than  at  -196°C.  The 
lesser  accumulation  of  vinylidene  nonsaturation  at  higher 
temperatures  is  attributed  to  the  consumption  of  these  double 
bonds  for  the  interaction  with  free  radicals. 

It  has  been  established  [188]  that  the  properties  of 
polyethylene  irradiated  in  a  nuclear  reactor  depend  strongly  on 
the  phase  state  of  the  polymer  during  irradiation.  During 
irradiation  in  a  melt  (130-l60°C)  a  rapid  lowering  is  observed 
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in  the  melting  temperature  (T  )  with  an  increase  in  the  denseness 
of  the  network  and  a  drop  in  the  degree  of  crystallinity.  During 
irradiation  in  a  crystalline  state  (45-50°C)  initially  a  weak 
lowering  of  T  is  observed,  then  its  constancy  and  a  certain 
increase;  the  degree  of  crystallinity  drops  with  an  increase 
in  the  denseness  of  the  network  considerably  slower  than  during 
irradiation  in  a  melt.  The  effects  revealed  can  be  explained 
by  the  different  nature  of  the  network  which  is  formed  in  an 
amorphous  and  a  crystalline  polymer.  In  an  amorphous  polymer 
cross-linkages  fix  the  erratic  disposition  of  chains  and  facilitate 
a  lowering  in  the  degree  of  crystallinity  and  T  .  Cross-links 
which  are  formed  in  crystalline  polymer,  along  viith  a  lowering  of 
Tn^  and  the  degrees  of  crystallinity  of  the  polymer,  simultaneously 
increase  T^  of  the  remaining  crystals  since  they  fix  the  local 
ordering  of  polymer  chains. 

In  recent  years  a  whole  series  of  works  has  been  published 
[189-192]  on  the  clarification  of  the  influence  of  phase  state, 
temperature  during  irradiation,  and  the  orientation  of  the  polymer 
on  the  effectiveness  of  the  cross-linking  of  a  polyethylene  of 
high  density  Mar lex-50. 

Thus  in  work  [189] it  has  been  shown  that  the  temperature  of 
a  polymer  during  irradiation  has  a  different  influence  on  the 
effectiveness  of  cross-linking  in  the  crystalline  and  amorphous 
areas.  At  moderate  temperatures  (25-90°C)  cross-linking  occurs 
more  effectively  in  an  amorphous  state,  at  a  temperature  above 
90-100°C  cross-linking  becomes  more  effective  in  a  crystalline 
state.  At  130°C  the  effectiveness  of  cross-linking  in  a 
crystalline  state  is  two  times  higher  than  in  a  completely 
amorphous  sample  of  the  same  molecular  weight.  Inhibited  formation 
of  the  gel  fraction  in  the  crystalline  areas  in  the  case  of 
irradiation  at  moderate  temperatures  is  explained  by  the  severe 
difficulties  in  the  emergence  of  molecular  bonds  in  a  crystalline 
state,  and  also  by  the  possibility  ^f  breaks  in  the  chains.  If 
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actually  the  formation  of  molecular  bonds  is  inhibited  due  to 
insufficient  mobility  of  links  in  the  crystalline  areas  it  is 
possible  that  the  initial  event  of  the  interaction  of  radiation 
with  the  substance  leads  to  the  breaking  of  chains.  The  increase 
in  the  effectiveness  of  cross-linking  by  two  times  at  temperatures 
higher  than  90-100°C  only  in  the  crystalline  areas  is  attributed 
to  an  increase  in  the  mobility  of  links  in  ordered  sections  of 
the  polymer  and  the  related  improvement  in  contact  between  the 
links  of  adjacent  molecules.  The  expounded  presentations  have 
been  confirmed  by  th.-  data  of  work  [190]. 

An  attempt  has  also  been  undertaken  [192] to  explain  the 
difference  in  the  effectiveness  of  cross-linking  in  the  crystalline 
and  amorphous  states  by  the  fact  that  in  a  melt  intramolecular 
contacts  will  be  realized  more  and  thus  the  probability  of  the 
flow  of  intramolecular  cross-linking  is  greater  than  in  the 
crystalline  areas.  Furthermore  this  difference  can  be  conditioned 
by  the  fact  that  breaks  in  chains  in  amorphous  and  crystalline 
states  occur  with  a  differenct  probability  (the  less  tendency 
toward  degradation  in  the  crystalline  state  is  connected  with  the 
cage  effect,  i.e.,  with  the  increased  probability  of  recombination). 

There  are  many  works  dealing  with  the  study  of  the  influence 
of  the  degree  of  crystallinity  of  polyethylene  on  the  radiochemical 
yield  of  cross-linking,  and  analogous  works  dealing  with  other 
polymers  [73,  98,  125,  190,  193].  In  the  majority  of  tests 
the  irradiation  dose  was  selected  so  that  crystallinity  would  not 
disappear  completely.  For  four  forms  of  polyethylene  of  a  various 
degree  of  crystallinity  it  was  revealed  [194]  that  the  yield  of 
cross-linking  was  the  same  (although  according  to  other  data  [195] 
any  physical  processing  of  a  polymer  which  leads  to  a  decrease  in 
the  degree  of  crystallinity  facilitates  the  formation  of  cross- 
linked  structures). 

According  to  work  [196]  the  value  of  G(x)  for  isotactic 
polypropylene  comprises  0.6  from  the  yield  of  cross-linking  in 


amorphous  polypropylene.  Investigations  by  the  method  of 
nuclear  magnetic  resonance  [YaMR]  (AMP)  confirmed  [197>  190] 
that  cross-linkages  in  polypropylene  are  formed  mainly  in 
amorphous  areas.  In  work  [199]  it  was  shown  that  the  yield  cf 
cross-linking  for  amorphous  polypropylene  is  equal  to  0.8* 
and  for  isotatic  -  0.2. 

It  is  necessary  to  note  that  in  the  overwhelming  majority  of 
cases  the  changes  in  the  degree  of  crystallinity  of  polymers 
(during  the  study  of  this  factor  on  the  yield  of  radiation 
cross-linking)  are  attained  by  a  temperature  shift  or  they 
compare  data  relating  to  polymers  of  different  chemical  structure. 
Neither  approach  ensures  the  isolation  of  the  individual  influence 
of  each  of  these  factors  (separately  -  the  degree  of  crystallinity 
and  temperature).  Therefore  the  interpretation  of  the  available 
test  data  should  be  approached  carefully.1 

The  study  of  the  influence  of  orientation  on  the  effectiveness 
of  the  cross-linking  of  polyothylei...  Marlex-50  is  treated  in  work 
[191];  in  it  it  is  shown  that  at  temperatures  up  to  70°C  cross- 
linking  flows  more  effectively  in  disoriented  areas,  in  areas  of 
70-100°C  such  differences  are  not  noted,  but  at  temperatures 
above  100°C  the  effectiveness  of  cross-linking  in  oriented  samples 
increases.  Thus  the  effectiveness  of  the  cross-linking  of  polymeric 
systems  with  oriented  crystallites  is  lower  than  with  disoriented 
(at  moderate  temperatures).  However,  with  an  increase  in  the 
mobility  of  molecular  segments  in  the  oriented  samples  with  a 
temperature  increase  the  retardation  of  the  process  of  cross- 
linking  is  overcome. 


*The  authors  of  this  work  have  proposed  a  method  which  allows 
the  realizing  of  various  degrees  of  crystallinity  of  a  polymer 
at  the  same  temperature  [R.  P.  Braginsky  and  others  "High  Molecular 
Compounds,"  IXA,  8,  1768  (1967)].  The  utilization  of  this  method 
makes  it  possible  to  exclude  the  general  deficiencies  inherent 
to  works  dedicated  to  the  development  of  the  influence  of 
crystallinity  of  cross-linking  processes. 


99 


The  question  of  an  increase  in  the  effectiveness  of  radiation 
cross-linking  of  polyethylene  by  irradiation  at  elevated  tempera¬ 
tures  has  been  reflected  in  the  patent  literature  [200-203]. 

The  Influence  of  Supramolecular  Structure 

In  the  works  [171,  20*1]  the  process  of  the  radiation  cross- 
linking  of  blocks  and  monocrystals  of  polyethylene  of  high  density 
has  been  illuminated  and  the  following  differences  uncovered:  in 
a  block  and  a  fine  film  a  greater  tendency ■ toward  cross-linking 
is  noted  than  in  a  monocrystal  or  thicker  film.  These  differences 
assign  the  best  contacts  between  tne  folding  surface  cf  individual 
lamellae  in  fine  films  and  blocks.  The  processes  which  lead  to 
an  improvement  in  contact  increase  gel  formation.  It  has  been  also 
established  [96]  that  during  the  irradiation  of  polyethylene 
three  times  more  hydrogen  is  liberated  from  the  block  than  from 
the  monocrystal.  The  authors  of  this  work  assumed  the  possibility 
of  intramolecular  cross-linking  of  monocrystal  consisting  of 
lamellae  -  layers  of  routinely  constructed  molecules.  Intra¬ 
molecular  cross-linkages  do  not  influence  the  content  of  the  gel 
formation  in  irradiated  polymer  and  do  not  participate  in  the 
formation  of  cross-linking. 

A  detailed  study  of  the  influence  of  the  conditions  of 
crystallization  on  radiation  cross-.linking  of  polyethylene  is 
made  in  works  [127,  128,  130,  202,  205].  Thus  in  works  [127, 

205]  it  is  shown  that  cross-linking  occurs  most  effectively  in 
a  block.  Apparently  the  different  content  of  gel  fraction  in 
irradiated  samples  of  polyethylene  which  were  crystallized  under 
different  conditions  is  connected  not  with  differences  in  the 
overall  content  of  cross-linkages  formed  during  irradiation  up 
to  an  identical  dose,  but  with  the  different  relationship  of 
intermolecular  and  intramolecular  bonds  which  do  not  influence  the 
solubility  cf  the  polymer.  For  the  purpose  of  studying  the 
influence  of  the  packing  of  lamellae  in  a  monocrystal  of  polyethylene 


on  radiation  cross-linking  [128]  a  polymer  was  systematically 
loosened  and  dispersed  with  the  help  of  ultrasound;  as  a  result 
the  content  of  insoluble  fraction  formed  during  the  irradiation 
was  strongly  diminished,  hence  it  follows  that  gel  formation  is 
conditioned  completely  by  the  aggregation  of  lamellae,  and  the 
cross  interrnolecular  bonds  which  participate  in  the  creation  of 
the  steric  network  are  formed  between  the  lamellae. 

On  the  basis  of  a  through  study  of  the  influence  of  the  con¬ 
ditions  of  crystallization  and  annealing  or.  the  process  of  gel 
formation  in  irradiated  polyethylene  [128-130,  205]  a  concept 
was  formed  about  the  fact  the  cross -linking  of  polyethylene  occurs 
mainly  in  the  sites  of  folds  and  bends  of  chains,  whereas  the 
initial  folds  are  retained  even  in  cross-linked  systems.  Cross- 
linking  occurs  mainly  between  the  molecules  of  two  layers  arranged 
in  series.  In  the  case  wnen  intramolecular  bonds  are  formed 
between  the  folds  of  tne  belt  [2063  (formed  by  one  molecule)  or 
multiple  cross-linkages  (the  connection  between  already  cross-linked 
molecules),  the  content  of  gel  fraction  in  the  polymer  during 
irradiation  does  not  increase.  With  the  formation  of  such  a 
type  of  bonds  near  the  folds  in  the  structure  of  the  polymer 
there  is  the  possibility  of  the  appearance  of  large  or  small 
rings,  depending  on  the  localization  of  these  bonds  inside  one 
belt  or  between  two  adjacent  ones.  More  probable  is  the  formation 
of  small  four-  or  five-member  rings  (the  existence  of  such  rings 
is  predicted  in  work  [95]  on  the  basis  of  spectral  data).  Such 
a  mechanism  for  the  formation  of  rings  increases  the  defectiveness 
of  the  polymer  crystal.  The  authors  of  this  work  consider  that 
such  a  deviation  of  the  mechanism  of  cross-linking  from  random 
lav/,  the  determined  selectivity  of  the  process  of  cross-linking 
(cross-linking  flows  mainly  in  tne  sites  of  folds),  is  extended 
not  only  to  intramolecular,  but  also  to  the  interrnolecular 
cross-linkages  v/hich  are  formed  during  the  irradiation  of 
crystalline  polymers. 
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The  results  of  a  relatively  small  quantity  of  works  on  the 
radiation  cross-linking  of  polypropylene  attest  to  the  fact  that 
the  quantity  of  cross-linkages  strongly  influences  the  atactic 
level  of  this  pclymer:  the  higher  the  atactic  level  the  higher  the 
degree  of  cross-linking. 

As  a.  whole  it  is  necessary  to  note  that  the  presentations 
expounded  above  reflect  to  a  considerable  extent  the  subjective 
point  of  view  of  the  authors  of  the  quoted  -works,  and  their  contra¬ 
dictoriness  is  conditioned  by  the  absence  of  a  completed  concept 
about  the  structure  of  polymers. 

The  Influence  of  Molecular  Weight  and 
Distribution  by  Molecular  Weights 

The  initial  molecular  weight  and  molecular  weight  distribution 
not  only  are  expressed  in  many  initial  properties  of  polyolefins, 
but  also  to  a  known  degree  predetermine'  the  properties  of. these 
polymers  after  irradiation.  In  this  connection  they  studied  the 
influence  of  the  initial  molecular  weight  on  the  process  of 
radiation  cross-linking  of  polyethylene  [123,  207,  208]. 

A  comparison  was  made  of  irradiated  polyethylenes  of  low 
density  (molecular  weight  from  7000  to  25,000)  ’with  Alcowax 
(molecular  weight  2100)  and  paraffin  wax  (molecular  weight  *180) 
and  for  each  sample  they  determined  the  minimal  dose  In  which  a 
sample  (strip)  retains  its  form  during  swelling  in  toluene  at  a 
temperature  of  90°C  [78].  It  was  established  that  the  irradiation 
dose  required  for  the  formation  of  cross-linking  in  the  polymer 
depends  on  its  initial  molecular  weight.  Thus  for  the  creation  of 
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such  a  structure  in  paraffin  wax  a  dose  of  (8-9) *10  rad  is 
required,  whereas  for  polyethylene  it  is  almost  100  times  less. 

The  dependence  was  obtained  experimentally  of  the  initial 
molecular  weight  on  the  dose  necessary  for  the  transformation 
of  paraffins  with  a  chain  length  from  Cj  ur,  to  C^g  Into  stagnant 


at  200°C;  the  greater  the  molecular  weight  of  paraffin  the  lower 
the  irradiation  dose  necessary  for  the  formation  of  an  infinite 
network  [208]. 

So  the  dependence  was  obtained  for  gel  fractions  of  ten 
various  types  of  branched  polyethylene  on  the  initial  value  of 
molecular  weight  [207].  Analytically  it  can  be  expressed  by  the 
formula 

r-Ma,  —  8,06-  10s, 

where  MWfl  -  the  initial  weight-average  molecular  weight,  and  r  - 
the  dose  of  gel  formation  (gel  point).  It  is  evident  that  the 
higher  the  initial  molecular  weight,  the  lower  the  doses  necessary 
for  obtaining  a  cross-linked  structure. 

As  shown  in  the  works  [208,  209],  the  value  of  the  gel 
fraction  at  the  assigned  irradiation  dose  of  polyethylene  depends 
on  the  molecular  weight  distribution.  The  fundamental  regularity 
consists  of  the  fact  that  for  obtaining  an  identical  content  of 
gel  fraction  polymers  with  a  wide  molecular  weight  distribution 
have  to  be  irradiated  to  higher  doses  than  with  narrow. 

THE  INFLUENCE  OF  ADDITIVES 

In  the  preceding  sections  we  examined  the  fundamental  processes 
taking  place  in  polymers  during  irradiation,  and  also  the  reaction 
mechanisms  of  the  initial  materials  of  radiolysis  with  each 
other  and  with  the  molecules  of  the  surrounding  substance,  the 
influence  of  the  medium,  in  which  the  polymer  is  irradiated,  its 
temperature,  phase  state,  the  degree  of  crystallinity,  and  other 
peculiarities. 

In  the  light  of  the  examined  presentations  it  is  completely 
evident  that  the  introduction  into  the  individual  polymer  of  any 
additive  can  considerably  influence  the  changes  which  take  place 
in  the  material  under  the  action  of  ionizing  radiations  and  after 
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it,  depending  on  the  interaction  of  additives  with  the  reactive 
or  excited  products  which  are  formed  in  the  polymer  during  irradia¬ 
tion  [210].  :  , 

•  • 

Stemming  from  the  general  nature  of  participation  in  the  s  i 

processes  which  proceed  under  the  actidn  of  ionizing  radiations, 

,  ■  i 

such  additives  and  the  low-molecular  components  of  the  material, 

for  example  plastifiers,  can  be.  divided  into  two  fundamental  . 

categories:  the  active  and  the  inert  substances.  Active 

additive  in  turn  can  be  ^divided  into  two  'classes:  the  substances. 

which  absorb  the  radiant  energy  preceived  directly  by  the  polymer 

(i.e.,  disproportional  to  their  molar  fraction  taking  election 

density  into  account)  and  substances  which  enter  jlnto  a  chemical  * 

interaction  with  the  reactive  products  which  are  formed  during 

irradiation.  Inert  additives  .(amplifying  agent’s  or  fillers) 

participate  in  radiation  processes  because  they  are  a  component  ■ 

»  .  » 

part  of  the  entire  mass  of  the  product  in  which  the  radiant 

energy  is  scattered  and  absorbed.  If  the  content  of  such'  a  filler 

1  \ 

makes  up  a  noticeable  part  of  the  weight  of  product,  then  the  filler* 
will  absorb  a  significant  fraction  of  the'  radiant  enjergy  and  , 
therefore  reduce  or  increase  radiation  effects  in  'he  irradiated 
product,  depending  on  its  own  radiation  stability.  .  >  ; 

-  !  » 

Based  on  application  additives  ’introduced  into  polymers  can  be 
classified  in  the  following  manner:  1)  amplifying  agents  or 

■  i 

fillers;  2)  substances  which  reduce  the  degree  of  chemical  and 
physical  changes  which'  take'* place  in  a  polymer  during  irradiation,' 
i.e.,  raising  its  radiation  stability  -  the  so-called  antirads; 

3)  substances  which  inhibit :the  process  oT  oxidation  of  polymer 
both  during  irradiation  'and  during  the  subsequent  exploitation 
in  the  air  at  increased  temperatures  -  anatioxidants  or  thermo- 
sv.abilizers;  *♦)  substances  which  promote  (facilitating  the  onset) 

i 

specific  chemical  changes  which  flow  in  a  polymer  during  irradia¬ 
tion  -  the  so  called  sensitizers.  :  ’ 
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Active  Fillers 


Amplifying  agents,  or  active  fillers,  are  used  frequently 
in  industry  since  they  make  it  possible  to  improve  the  physico- 
mechanical  properties  of  a  product,  to  reduce  the  expenditure  of 
the  fundamental  polymeric  material,  and  therefore  to  reduce  the 
price  of  the  product.  If  as  the  filler  a  material  which  possesses 
higher  radiation  stability  than  the  polymer  itself  is  used,  then, 
as  a  rule,  such  a  filler  only  diminishes  the  radiation  changes  in 
the. polymer  -  filler  system  because  the  fraction  of  the  absorbed 
energy  necessary  for  the  polymer  diminishes.  Such  fillers 
include  various  carbonic  blacks,  silicon  dioxide,  glass  fiber, 
taic,  and  others.  For  instance,  for  the  improvement  in  the 
mechanical  properties  of  irradiated  polyethylene,  and  also 
increasing  it  resistance  to  the  action  of  oxygen  and  ultraviolet 
irradiation  into  the  stabilized  polyethylene  prior  to  irradiation 
mineral  fillers  (soot,  Si02)  are  introduced  to  the  extent  of  25-100 
parts  by  weight  to  100  parts  by  weight  of  polymer  [211].  After 
irradiation  the  polyethylene  with  the  filler  possesses  higher 
strength  than  polyethylene  without  the  filler  [212].  The 
difference  in  strength  characteristics  is  expressed  especially 
sharply  at  eleveted  temperatures  (Table  10). 

i 

Table  10.  The  influence  of  filler  on  the  strength 
t  characteristics  of  irradiated  polyethylene  at 

various  temperatures. 


Breaking  strength,  kg/cr 

Polyethylene 

1 

|  » fc 

100  -c 

IJO'C 

Without  filler 

i 

182 

35 

7.5 

With  filler 

171 

63 

33 

An  analogous  effect  was  obtained  not  only  on  polyethylene,  but 
also  on  other  polyolefins,  especially  on  the  copolymer  of  ethylene 
:with  propylene  (propylene  content  7  mole  %)  [213].  Prior  to 
irradiation  the  chlorides  of  bivalent  tin,  bi-  and  trivalent  iron 
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were  introduced  into  the  polyolefin  to  the  extent  of  10  parts  by  wt. 
they  were  irradiated  up  to  a  dose  of  100  Mrad.  The  strength 
characteristics  of  such  a  material  at  various  temperatures  are 
given  in  Table  11. 


Table  11.  The  Influence  of  metal  chloride  on  the  strength 
characteristics  of  polyethylene  at  various  temperatures. 


Tempera¬ 
ture  of 
testing. 

°C 

Breaking  strength, 
kK/cm2 

Relative  elongation.  % 

Material 

prior  to 
irradia¬ 
tion 

after 

Irradia¬ 

tion 

prior  to 
irradia¬ 
tion 

after 

irradia¬ 

tion 

Polyethylene  of  low 
density 

20 

117 

115 

500 

100 

150 

- 

5-5 

- 

90 

200 

0 

- 

- 

The  same  +  SnCl  *H  0 

20 

135 

123 

310 

l60 

150 

- 

13 

- 

85 

200 

9-6 

- 

32 

The  same  +  Feel  'H  0 

20 

106 

124 

160 

97 

2  2 

150 

- 

9.4 

- 

65 

200 

7.2 

- 

45 

The  same  +  FeCl  *nH  0 

20 

105 

139 

150 

70 

150 

- 

9-3 

- 

70 

200 

- 

6.0 

- 

40 

•For  the  purpose  of  increasing  the  impact  elasticity  of 
polyethylene  compositions  were  prepared  which  contained  10-30?  of 
filler  -  calcium  silicate,  alumina  or  aluminum  silicate  and  others 
and  0.5-15?  vinyl  triethoxysiiar-1,  and  then  they  were  irradiated 
by  the  usual  method  [211]. 

It  has  also  been  established  that  plastomers  on  the  basis  of 
glass  fiber  and  epoxies  (as  also  for  other  heat-reactive  resins) 
possess  greater  radiation  stability  than  the  resin  itself  [214,  215]. 


Antirads.  Radiation  Protection 


Various  chemical  groups  differ  strongly  from  one  another  in 
sensitivity  to  irradiation,  however,  their  susceptibility  is  a 
very  relative  value,  it  can  change  strongly  because  of  the 
presence  of  other  groups  in  the  same  or  in  adjacent  molecules.  In 
cases  when  the  effect  amounts  to  the  lowering  in  the  reactivity 
of  the  basic  component  of  the  system  due  to  the  presence  of  another 
component  or  additive,  it  has  been  accepted  to  speak  about 
radiation  protection.  The  increase  in  the  reaction  activity  of  the 
basic  component  as  a  result  of  the  presence  of  another  component 
or  additive  corresponds  to  the  effect  of  radiation  sensitization. 

The  questions  of  radiation  protection  are  extremely  important 
when  using  materials  in  the  active  zone  of  ionizing  radiations. 

Based  on  the  principle  of  action  of  a  protective  additive  the 
processes  of  protection  can  be  divided  into  two  basic  groups.  The 
first  group  includes  the  processes  of  actual  protection,  in  this 
case  the  protective  additive  absorbs  energy  from  the  fundamental 
irradiated  substance  (protection  of  the  "sponge")  and  it  scatters 
this  energy  in  the  form  of  heat  or  light,  whereas  the  additive 
itself  barely  undergoes  any  iri’eversible  chemical  changes 
(protection  is  called  internal  if  the  chemical  groups  which 
transform  the  radiant  energy  into  other  forms  of  energy  without 
a  change  in  their  own  structure  have  been  built  in  directly  into 
the  molecule  of  the  protected  polymer,  and  external  -  if  they  are 
simply  distributed  in  the  bulk  of  the  polymer  in  the  form  of  an 
additive) . 

Good  protective  additive  for  many  chemical  compounds  are 
aromatic  hydrocarbons,  since  they  have  a  large  number  of  low 
lying  excited  states,  possess  the  low  ionizing  potentials,  and 
themselves  are  radiation  resistant.  The  transfer  of  energy  from 
the  higher  excited  states  of  the  main  compound  or  charge  transfer 
with  an  ion  of  the  main  compound  gives  rise  to  the  scattering  of 
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power  in  an  aromatic  hydrocarbon.  This  scattering  is  accomplished 
as  a  result  of  fluorescence  or  heat  evolution  and  is  accompanied 
by  insignificant  decomposition  of  the  aromatic  compound  Itself. 

Thus  in  works  [216,  217]  it  is  shown  that  small  quantities  of 
benzene  protect  cyclohexane  from  decomposition  during  irradiation, 
whereupon  this  protection  is  the  result  of  the  transfer  of  ioniza¬ 
tion  and  excitation  from  cyclohexane  to  benzene. 

It  has  been  established  that  the  radiation. stability  of 
polyethylene  can  be  raised  by  mixing  it  with  compounds  for  which 
resonance  stabilization  is  characteristic  -  naphthalene,  anthracene, 
phenanthrene  (external  protection) ,  or  by  inoculating  polyethylene 
with  styrene  (internal  protection)  [218].  A  graft  copolymer  of 
styrene  and  polyethylene  possesses  better  radiation  stability 
than  a  mixture  of  polystyrene  and  polyethylene.  Apparently  the 
transfer  of  energy  inside  the  molecule  is  accomplished  more 
readily  than  between  molecules,  when  a  major  role  already  can  be 
played  by  the  relative  mobility  of  active  chemical  groups.  Such 
an  internal  protection  was  observed  during  the  irradiation  of 
linear  paraffins  with  a  known  number  of  carbon  atoms  in  a  chain, 
in  the  molecules  of  which  naphthyl  groups  were  connected  in 
various  positions  along  the  alkyl  chain  [219].  In  this  same 
work  it  was  shown  that  the  area  of  the  protection  of  every 
aromatic  grouping  is  disseminated  along  the  chain  to  a  distance  of 
approximately  4-6  carbon  atoms. 

An  antirad  action  on  polymers  is  exerted  by  many  aromatic 
amines:  di-B-naphthyl-n-phenylenediamine,  phenyl-a-naphthylamine, 
etc.  In  the  work  [219]  it  is  shown  that  in  a  very  small  concen¬ 
tration  of  these  substances  in  polyethylene  (0.2-0.5£)  the  yield 
of  cross-linking  is  considerably  reduced. 

The  mechanism  of  the  protective  action  of  aromatic  amines 
during  radiolysis  of  polymers  has  been  studied  in  work  [220]  it 
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is  shown  that  their  protective  action  is  accomplished  in  the 
preradical  stage  of  radiolysis,  i.e.,  it  is  connected  with  the 
processes  of  transfer  of  the  energy  of  excitation  or  an  electron. 
Ion-radicals  of  amines  are  formed  during  the  transmission  of 
energy  absorbed  by  the  polymer  to  the  amine,  as  a  result  of  which 
its  ionization  occurs. 

In  work  [221]  it  is  shown  that  many  industrial  antioxidants  - 
aromatic  amines  and  phenols  -  not  only  are  inhibitors  of  oxidation 
during  the  thermal  aging  of  irradiated  polyethylene,  but  also 
antirads,  especially  in  the  area  of  the  small  irradiation  dose 
[222].  The  effectiveness  of  their  protective  action  with  respect 
to  the  reaction  of  radiation  cross-linking  depends  on  the  additive 
concentration,  the  compatibility  of  the  additive  with  the  polymer, 
the  melting  point  of  the  additive,  and  others. 

Strong  antirads  have  been  revealed  for  polypropylene,  for 
example  ionol  [223,  2 ?4],  A  very  high  effectiveness  of  protective 
action  on  polypropylene  is  possessed  by  diatomic  phenols  contain¬ 
ing  hydroxyl  groups  in  ortho- positions,  for  example  pyrocatechin 
[225]. 

Another  mechanism  for  protection  is  known  by  the  name  of 
protection  of  the  ’’sacrifice"  type.  In  this  case  the  additive, 
while  carrying  out  the  protection  of  the  main  compound,  suffers 
irreversible  chemical  changes  and  is  destroyed.  The  summary 
radiation  damage  in  the  system  remains  approximately  the  same  as 
it  was  before  the  introduction  of  the  additive.  Examples  of 
protective  additives  of  the  "sacrifice"  type  are  iodine  and  other 
acceptors  of  free  radicals  [226].  With  the  use  of  such  compounds 
the  possibility  of  reactions  of  free  radicals  formed  in  the 
initial  event  with  the  molecules  of  polymer  is  averted.  A  strong 
protective  action  during  the  radiolysis  of  polyethylene  is 
exerted  by  small  additives  of  S,  Se,  and  Te  [227]. 
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It  is  assumed  [14],  that  radiation  protection  with  the  help 
of  additives  can  be  accomplished  by  several  mechanisms. 

1.  By  the  transfer  of  energy  from  the  polymer  to  the 
protective  additive  without  chemical  changes  in  it.  The  additive 
can  scatter  this  energy,  not  having  suffered  any  irreversible 
chemical  changed,  or  be  changes  and  lose  the  protective  activity. 

In  the  latter  case  protective  action  will  be  discontinued  when 
all  the  additive  will  be  destroyed  or  changed. 

2.  By  the  reduction  of  damages  induced  by  radiation,  with 
the  participation  of  additive  which  itself  can  be  changed  or  not 
be  changed. 

If  the  main  reaction  in  the  polymer  during  the  influence  of 
radiation  is  the  loss  of  hydrogen  with  the  formation  of  the 
polymeric  radical  R* ,  then  protection  can  be  reduced  to  the  transfer 
of  a  hydrogen  atom  from  the  additive  (AH)  to  this  radical  and  the 
formation  of  a  low-activity  radical: 

RH — -  R-  +  H.  (101) 

AH  +  R  —  A+RH.  (102) 

If  as  a  result  of  ionization  an  electron  is  torn  from  the 
polymer  molecule  the  additive  can  supply  this  molecule  with  the 
missing  electron,  remaining  sufficiently  stable  itself  and  without 
participating  in  other  reactions,  until  it  captures  another 
electron. 


If  one  assumes  that  cross-linking  occurs  during  the 
Interaction  of  two  polymer  radicals 


(103) 


then  the  molecules  of  the  additive  can  be  joined  with  the  radicals 
with  the  formation  of  stable  side  groups  or  less  active  radicals, 
i.e. , 
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(104) 


In  the  case  of  degradation  which  flows  by  means  of  breaks  in 
the  main  chain  the  protective  additive  can  connect  between  itself 
two  polymer  radicals  (to  interlace  the  ruptured  chain)  and  thus 
"heal"  the  damage  caused  by  radiation.  Here  the  average  molecular 
weight  is  not  noticeably  changed 


— d*  C*  —  -f*  A  —  * — — A— C— 

II  ll 


(105) 
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In  many  similar  cases  strictly  protection  against  chemical 
changes  induced  by  radiation  is  absent,  but  the  changes  taking 
place  acquire  another  nature  and  are  converted  into  such  which 
do  not  influence  the  properties  which  are  critical  in  the  given 
concrete  case. 


3.  The  addition  can  react  with  radical  formed  during 
irradiation  earlier  than  the  latter  will  be  able  to  attack  and 
modify  the  polymer.  For  instance,  during  irradiation  in  the 
presence  of  oxygen  the  additive  can  react  with  free  radicals  and 
avert  the  formation  of  unstable  peroxides  in  the  polymer  molecule; 
otherwise  these  peroxides  could  lead  to  degradation. 

The  three  mechanisms  of  protection  enumerated  can  be  considered 
as:  1)  the  removal  of  absorbed  energy  before  chemical  changes 
occur;  2)  the  inactivation  of  chemical  formations,  for  example 
the  radicals  which  were  formed  during  irradiation;  3)  the  pro¬ 
tection  of  the  polymer  molecule  from  active  formations  which 
arose  outside  it. 


Quantitatively  it  is  accepted  to  characterize  the  effectiveness 
of  the  protective  action  of  additives  by  the  protection  factor 
and  by  the  factor  of  energy  transfer. 
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If  vie  designate  by  rQ  the  irradiation  dose  necessary  for 
obtaining  specific  changes  in  the  absence  of  additives  and  through 
r  the  corresponding  dose  when  there  is  a  protective  additive,  then 

r 

the  measure  of  the  decrease  in  the  effect  of  radiation  is  equal 
to  rQ/rp,  and  the  portion  of  lost  energy  as  a  result  of  the 
presence  of  the  additive  is  equal  to  1  -  .  This  value  is  called 

the  coefficient  of  protection.  The  factor  of  energy  transfer 
expresses  the  portion  of  the  energy  diverted  to  additive 
divided  by  the  concentration  of  additive. 

In  Table  12  data  are  given  [228]  on  the  protective  action 
of  various  additives  on  polyethylene. 


Table  12.  The  protective  action  of  additives  on 
Polyethylene. 


Sample  of 
polyethylene 

Content 

of  addi¬ 
tive  part 
by  weight 

Dose  at  which 

90$  gel  content 
is  attained 

Coefficient 

of 

protection 

Factor  of 

energy 

transfer 

Without  additives 

100 

0 

«, 

With  dibutyl  tin  maleate 

5 

220 

0.58 

12.0 

With  /}-naphthol 

5 

250 

0.60 

12.6 

With  dinaphthyl  methane 

5 

300 

0.66 

13.7 

Let  us  examine  the  course  of  the  computation  of  the  coefficient 

of  protection  and  factor  of  energy  transfer  in  the  example  of 

dinaphthyl  methane.  With  a  content  of  5  parts  by  weight  of  it  a 

90?-content  of  gel  fraction  in  polyethylene  is  reached  with  a 

dose  of  300  Mrad  (instead  of  100  Mrad  for  pure  polyethylene). 

Therefore  the  coefficient  of  protection  1  =  1  -  -  0.66. 

rp  300 

Therefore  in  the  presence  of  dinaphthyl  methane  only  3k%  of 
energy  which  is  necessary  for  every  polymer  molecule  causes 
chemical  changes  (the  effect  in  the  absence  of  additive  is 
accepted  as  100J).  Since  the  quantity  of  polymer  comprises  only 
95%  by  weight,  the  energy  utilized  for  the  realization  of  chemical 


changes  observed  during  irradiation  comprises  0.95*0.3^  =  0.32  or 
32$,  and  68$  is  taken  off  in  this  or  that  form  as  the  result  of 
the  action  of  additive.  The  quantity  of  additive  comprises  5  parts 
by  weight.  If  the  primary  energy  absorption  of  radiation  occurs 
according  to  random  law,  then  protection  ii  .*ases  the  effective 
energy  absorption  by  the  molecules  of  the  adu.tive  by  68:5  =  13-7 
times . 

The  mechanism  of  the  transfer  of  energy  to  the  molecules  of 
additive  is  not  conclusively  clarified  and  it  is  the  subject  of 
further  investigations. 

Heat  Stabilizers.  Protection  from 
Oxidation 

The  influence  of  oxygen  oh  polymers  during  and  after 
irradiation,  and  also  the  mechanism  of  radiation  ^oxidation 
were  examined  above.  At  the  same  time  one  ought  to  keep  in  mind 
that  polymers  are  very  susceptible  to  oxidation,  especially  at 
elevated  temperatures,  and  therefore  as  a  rule  a  certain  quantity 
of  stabilizers  are  introduced  into  them  for  the  prevention  of 
oxidation  of  the  material  during  its  technical  processing  into  a 
product  (such  treatment  is  usually  conducted  at  elevated  tempera¬ 
tures,  in  any  case  exceeding  the  softening  temperature,  and  some¬ 
times  even  the  melting  point  of  the  polymer). 

Irradiated  polyolefins,  as  it  will  be  shown,  can  be  exploited 
at  temperatures  which  considerably  exceed  the  softening  temperature 
and  even  the  melting  point  of  the  corresponding  polyolefins  in 
the  nonj rradiated  form.  Since  with  a  temperature  Increase  the 
intensity  of  t?ie  oxidation  process  substantially  increases,  and 
the  properties  of  material  during  aging  at  elevated  temperatures 
rapidly  deteriorate,  the  question  of  the  thermal  stabilization  of 
such  radiation- modified  polyolefins  is  especially  urgent,  because 
only  the  effective  protection  of  an  irradiated  polymer  from 


oxidation  makes  it  possible  to  realize  all  its  valuable  properties 
for  a  prolonged  time.1 


The  study  of  the  oxidation  of  hydrocarbons  both  in  the  liquid 
and  solid  phase,  and  also  the  mechanisms  of  thermal  stabilization 
have  been  treated  in  many  works  and  detailed  monographs  have  been 
published  [229-232]. 


In  principle  the  fundamental  scheme  of  the  process  of  thermal 
oxidation  of  polymers  is  analogous  to  that  already  examined  in  the 
section  dealing  with  radiation  oxidation,  however,  there  is  a 
certain  peculiarity:  during  thermal  oxidation  the  process  is 
initiated  by  the  interaction  of  hydrocarbon  with  molecular  oxygen, 
whereas  during  the  irradiation  free  radicals  are  accumulated 
basically  as  a  result  of  the  processes  of  ionization  and  excita¬ 
tion  under  the  influence  of  radiation. 

Let  us  examine  the  sequence  of  reactions  during  the  oxidation 
of  polyolefins  more  comprehensively. 

It  is  known  [232]  that  the  oxidation  of  polymers  is  a  chain 
process  which  flows  with  the  participation  of  free  radicals  which 
can  he  formed  during  the  interaction  of  two  valence-saturated 
molecules 

RH  +  O,- R.+HOr,  £=,25  -  30  cal.  (106) 

(low-activity  radical) 

Initiation  in  this  scheme  in  polymers  is  very  probable  since 
their  oxidation  frequently  begins  already  at  100° C.  Polymer 
macroradicals  react  with  oxygen,  forming  peroxiradicals 


*In  this  case  we  are  speaking  of  the  exploitation  of  the 
polymer  in  the  presence  of  atmospheric  oxygen.  If  we  examine 
exploitation  in  a  deep  vacuum  or  an  atmosphere  of  neutral  gas  the 
necessity  for  the  thermal  stabilization  of  the  polymer  remains, 
but  only  for  the  period  of  its  processing  into  a  prouuct,  if  this 
processing  is  conducted  in  the  air  and  at  increased  temperatures. 
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R-+o,-ro,..  £  =  o  Cal. 

(more  stable  radical) 


(10?) 


Although  the  R02*  radical  possesses  less  reactivity  than  R*  it 
nevertheless  can  break  away  an  atom  of  hydrogen  from  organic  com¬ 
pounds  and  be  converted  into  hydroperoxide.  In  this  case  the 
radical  R '•  is  again  formed  and  is  able  to  continue  the  chain 

RQs-  +R’H- R'.  +R00H,  £  =  4,5  Cal.  (108) 

Concentration  [R*  ]  <<  [R02.].  During  oxidation  the  chain  breaks 
as  a  result  of  the  recombination  of  RO*^  peroxide  radicals  and 

is  accompanied  by  the  formation  of  peroxides  and  molecular  oxygen 

'  _ _ _ 

ROr+ROr- ROOR+O,.  (109)'- 

The  hydroperoxides  which  are  accumulated  during  the  oxidation  of 
a  polymer  decompose  into  active  alkoxyl  and  hydroxyl  radicals, 
i.e.,  the  number  of  active  centers  increases 

ROOH- RO+HO-,  .  £  =  20  Cal.  (110) 

The  radicals  formed  during  the  decomposition  of  hydroperoxide 
can  then  participate  in  the  reactions 

RO+R'H-  ROH  +  R'..  (HI) 

HO  +R'tt-  H,0  +  R'-  .  (112) 

Furthermore,  present  test  data  [233]  indicate  that  hydroperoxide 
decomposes  during  reaction  with  a  polymer  according  to  the 
equation 


•  RuGH  +  RH  -  RO-  +  H,0  +  R*  .  (113) 

Hydroperoxide  would  decompose  still  more  rapidly  if  it  reacted 
with  a  compound  in  which  the  binding  energy  of  the  hydrogen  atom 
would  be  less  than  in  RH. 1 


*As  the  antioxidants  of  polymers  they  frequently  use  aromatic 
amines.  It  is  known  that  the  binding  energy  N-H  in  such  antioxidants 
is  considerably  less  than  the  binding  energy  C— H  in  hydrocarbons, 
and  this  gives  rise  to  undesirable  consequences,  especially,  to 
the  initiation  of  oxidation  with  an  antioxidants  themselves. 
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The  rate  of  the  consumption  of  hydrocarbon  in  the  chain 
reaction  of  oxidation  is  expressed  by  the  foilowing  equation: 

=  Kt  iROt-j  [RHJ.  (11*0 

Since  concentration  [RH]  is  practically  constant  the  rate  of 
the  consumption  of  hydrocarbon  d[RH]/dt  depends  only  on  the 
concentration  of  [RO^*]*  In  turn  the  concentration  of  [RG2‘]  is 
determined  by  the  relationship  of  the  rates  of  formation  and 
disappearance  of  free  radicals. 

It  is  assumed  that  the  role  of  antioxidants  (or  inhibitors 
(IK))  is  reduced  to  the  fact  that  they  react  with  active  RO^ 
radicals,  as  a  result  of  which  inactive  products  are  formed 

ROO--HH-1.  +  inactive  products.  (115) 

The  most  widespread  antioxidants  of  polyolefins  are  aromatic 
amines  and  phenols  (PhOlI). 

The  chemical  action  of  antioxidants  during  the  thermal 
aging  of  polyolefins  consists  of  the  capacity  to  break  reaction 
chains  during  the  interaction  with  R02*  radicals  [23*1] 

PhOH  +  ROt  -  ROiH+RhO.  .  (116) 

As  a  result  of  this  reaction  instead  of  the  active  radical  RC>2' 
the  low-activity  phenoxyl  radical  PhO* is  formed.  It  is  not  able 
to  continue  the  chain  reaction.  This  radical  attaches  to  itself 
the  peroxide  radical,  breaking  one  additional  reaction  chain  and 
converting  into  quinone. 

Aromatic  amines  also  interact  with  two  R02  radicals; 


116 


ROr  4-  HN<^ 


d> 


- RODH  +  N 


RO,- 


\ 


\ 


,/\w 


RO-  4-O-K 


-•>  O  --  N; 


/<=>' 

\: 


:> 


-  ,o  :r 

\J - \ 

\ - / 


(117) 


The  formation  of  phenoxyl  and  nitroxyl  radicals  during  the 
inhibition  of  the  thermal-oxidative  degradation  of  polymers  is 
proved  by  the  [EPR]  (3riP)  method  [235];  quinones  have  been 
isolated  by  a  series  of  the  researchers  [236]. 


As  the  basis  for  the  generally  accepted  scheme  for  the 
inhibition  of  oxidation  two  assumptions  have  been  taken:  1)  the 
inhibitor  breaks  the  chains  of  the  reaction,  but  it  does  not 
influence  the  process  of  the  germination  of  oxidation  chains; 

2)  hydroperoxide  decomposes  with  the  formation  of  two  active 
free  radicals.  From  these  assumptions  it  follows  that  the  rate 
of  consumption  of  inhibitor  is  equal  to  the  rate  of  initiation  and 
the  induction  period  (i.e.,  the  time  during  which  the  autocataly tic 
reaction  of  oxidation  is  not  developed)  increases  proportionally 
to  inhibitor  concentration  in  polymer. 

However,  experimental  investigations  showed  [237]  that 
antioxidants  are  expended  approximately  according  to  linear  law 
up  to  the  moment  of  the  lowering  in  their  concentration  to 
critical,  whereupon  they  rapidly  disappear,  but  the  induction 
period  with  an  increase  of  inhibitor  concentration  does  not  increase 
linearly  but  more  slowly.  These  data  attest  to  the  complex 
mechanism  of  action  of  antioxidants  and  make  it  possible  to  assume 
that  the  latter  not  only  break  the  reaction  chains,  but  can  also 

i 
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initiate  oxidation.  Actually  if  the  antioxidant  only  breaks 
chains,  then  its  introduction  into  a.  polymer  iannot  lead  to  the 
recudtion  of  the  induction  period;  if  it  possesses  the  capacity1 
both  to  break  and  to  initiate  chains,  then  under  some  conditions 
the  addition  of  it  can  lead,  to  a  reduction  in  the  'induction  period. 

i 

Three  probable  mechanisms  are  suggested  for  the  .initiation 
of  oxidation  by  antioxidants. 


1.  The  oxidation  of  the  inhibitor,  according  td  the  reaction 

in  •:  Oj  -  HOj-  + i‘ .  ‘  '  (118) 

In  this  case  a  comparatively  active  radical  HOg.  is  formed,  the. 
presence  of  which  during  oxidation  is  proven  in  work  [238], 

! 

2.  The  low-activity  radicals  of  the  inhibitor  I  can  enter 

i  ' 

into  a  reaction  with  the  molecules  of  the  polymer 

s 

'  l 

l.+RH  -  .  *  (119) 

! 

In  this  case  active  radicals  are  formed1  [239]. 

1 

,  i 

3.  Antioxidants  can  initiate  oxidation  by  reacting  with 

hydroperoxide  according  to  the  arrangement  [2*10]  1  \ 

i  5  ! 

ROOH  f  III  -  RO-  •{-  H»0  4-1-  .  (  120  ) 

In  the  light  of  the  presentatiqns  expounded  about  the  dual 

f 

function  being  fulfilled  by  the  inhibitors  of  oxidation  in  a  1 
polymer  (the  breaking  of  chains  and  the  initiation  of  oxidation) 
it  becomes  understandable  why  in  a  number  of  cases  the  joint  use 
of  two  antioxidants  gives -a  considerably  strbnger  effect  of  pro¬ 
tection  of  a  polymer  than  should  be  expected,  stemming  from  the 
summary  effectiveness*  of  each  of  them  individually  (so  called 
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synergistic  effect,  i.e.,  their  nonadditive  contribution  with 

I 

joint  use).  The  phenomenon  of  synergism  -  the  mutual 
strengthening  of  the  action  of  antioxidants  -  is  examined  com¬ 
prehensively  in  a  number  of  works  [239 ,  241-243].  The  chemical 
;  mechanism  of  this  phenomenon  is  manifested  in  cases  when  the 
radical  of  the  inhibitor  causes  the  initiation  of  oxidation,  and 
the  additive  of  the  second  substance  captures  these  radicals. 

Thus  the  fact  that  antioxidants  along  with  breaking  the 

i 

■chain  participate  in  the  initiation  of  oxidation  is  completely 
negative.  Here  the  major  role  is  played  by  the  formation  of 
hydroperoxide  during  the  interaction  of  RO^*  peroxide  radicals 
with  .the.  antioxidants,  the  molecules  of  which  contain  a  weakly 
bound  atom  of  hydrogen  (related  to  them  are  practically  all  the 

widely  used  derivatives  of  phenols  and  aromatic  amines). 

} 

All  the  presentations  expounded  above  relative  to  the 
mechanisms  of  oxidation  and  stabilization  of  polymers  are  also 
.applicable  to  irradiated  polymers;  however  in  the  latter  case 
there  are  some  characteristic  properties  connected  both  with  the 
course  of  the  oxidation  process  and  with  the  mechanism  of  thermal 
stabilization.  These  peculiarities,  which  are  noted  in  a  number 
of  works-,  are  conditioned  by  two  causes:  1)  by  the  presence  in 
irradiated  polyolefins  of  a  significant  quantity  of  tertiary 
( atoms  of  carbon  accumulated  during  radiation  cross-linking,  and 
2)  by  the  possibility  of  the  expolitation  of  irradiated  polyolefins 
at  temperatures  which  exceed  the  melting  point. 

i 

•The  classical  approach  to  the  study  of  thermal  oxidation 
is  reduced  to  the  determination  of  the  induction  period,  the 
study  of*  the  kinetics  of  accumulation,  and  analysis  and  identifica¬ 
tion  of  the  oxidation  product  both  in  the  pure  polymer  and  in  the 
presence  of  an  antioxidant.  In  this  case  it  is  assumed  that 
the  reaction  mechanism  at  temperatures  which  exceed  the  melting 
point  of  polymers  is  not  substantially  changed,  but  only  the 
reaction  rate  increases. 
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At  the  same  time  some  investigation  [2*14,  2^5]  focused  atten¬ 
tion  on  the  individual  specific  peculiarities  of  thermal  oxidation 
of  radiation-cross- linked  polymers. 

An  investigation  was  made  [2*l6]  of  heat  aging  of  polyethylene 
of  low  density,  both  pure  and  heat-stabilized  by  special  additives 
after  irradiation  by  y-radiation  in  an  inert  atmosphere  up  to 
various  doses,  by  methods  of  extraction  (.gel  fraction),  swelling 
in  the  vapors  of  organic  solvents  at  room  temperature,  infrared 
spectrometry,  and  also  by  the  determination  of  strength  character¬ 
istics.  The  content  of  nonsaturation  (vinylene  in  irradiated 
and  vinyl  and  vinylidene  in  nonirradiated  samples)  was  varied 
with  the  help  of  chlorination,  and  the  influence  of  the  free 
radicals  accumulated  during  irradiation  on  the  process  of  thermal 
aging  was  eliminated  by  means  of  the  annealing  of  samples  ir. 
a  neutral  medium. 

Figures  7-9  show  the  dependences  of  the  relative  change  in 
content  of  the  gel  fraction  and  also  the  strength  characteristics 
of  polyethylene  (pure  and  heat-stabilized)  on  the  duration  of 
aging  in  the  air  at  various  irradiation  doses  and  temperatures. 
Attention  is  focused  on  the  nonmonotonic  course  of  the  change  in 
relative  content  of  gel  fraction  with  an  increase  in  the  duration 
of  aging,  and  also  the  correlation  between  times  corresponding 
to  the  minimum  of  this  curve  and  to  the  total  losses  of  strength 
of  the  polymer  at  each  of  the  testing  temperatures.  The  sharp 
lowering  in  the  content  of  the  gel  fraction  during  the  initial 
period  of  aging  attests  to  the  intensively  flowing  process  of 
thermal  oxidation  polymer  degradation;  a  subsequent  increase  in 
the  content  of  the  gel  fraction  is  apparently  conditioned  by  the 
process  of  structuration,  however,  it  is  not  accompanied  by  an 
improvement  in  mechanical  characteristic.  In  heat-stabilized 
polyethylene  the  course  of  the  change  in  this  dependence  is 
observed,  but  the  relative  value  of  extreme  is  less,  and  with  an 
increase  in  the  time  of  aging  the  content  of  the  gel  fraction 
increases  nomotonically ,  approaching  the  limiting  value. 
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The  analysis  of  the  given  curves  shows  that  with  an  increase 
in  the  irradiation  dose  the  time  of  achievement  of  minimum 
diminishes,  but  with  an  equal  irradiation  dose  this  time  is 
less,  the  higher  the  aging  temperature.  With  the  same  aging 
temperature  independent  of  the  irradiation  dose  the  processes  of 
structuration  flow  at  a  constant  rate. 


Figure  10  shows  the  dependence  of  the  coefficient  of  swelling 
of  the  gel  fraction  (Kg)  of  irradiated  polyethylene  in  xylol  at 
25 °C  after  aging  at  200°C  in  air;  the  calculation  is  accomplished 
on  the  assumption  that  the  coefficient  of  swelling  of  the  gel 
fraction  during  aging  is  not  changed.  It  is  evident  that  during 
aging  value  of  K  increases  sharply,  and  then,  having  achieved 

O 

a  value  characteristic  for  nonirradiated  polyethylene,  continues 

to  increase  slowly.  The  time  interval  which  corresponds  to  a 

sharp  change  in  K  is  approximately  equal  to  the  time  of  onset  of 
6 

the  minimum  on  curve  in  Fig.  8a.  The  rapid  increase  of  during 
the  initial  period  of  aging  is  conditioned  by  the  breaking  of 
the  cross-linkages  C— C  which  were  formed  during  irradiation 
(the  fall  in  the  content  of  gel  fraction  corresponds  to  this). 

The  subseauent  slow  increase  of  K  is  connected  with  structuration 
(the  increase  in  the  content  of  gel  fraction),  however,  the 
oxygen-containing  cross-linkages  being  formed  loosen  the 
structure  of  the  polymer,  thus  increasing  the  volume  of 
intermolecular  voids. 


10  20  30  to  t,  hr 


Fig.  10.  The  dependence  of  the  coefficient 
of  swelling  of  polyethylene  irradiated 
in  a  dose  of  100  Mrad  on  the  time  of  aging 
t  at  200°C:  1  -  the  coefficient  of  swell¬ 

ing  of  irradiated  polyethylene  (KQ);  2  - 

the  coefficient  of  swelling  of  the  gel 
fraction  of  irradiated  polyethylene  (K  ). 
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Spectroscopic  studies  showed  (Pig-  11)  that  witn  an  increase 
of  temperature  and  time  of  annealing  the  rate  of  the  subsequent 
thermal  oxidation  is  lowered  both  for  pure  and  for  heat-stabilized 
polyethylene.  The  study  of  samples  with  a  various  initial  degree 
of  unsatux-ation  showed  that  the  at  solute  increase  of  oxygen- 
containing  groupings  in  all  cases  is  approximately  identical, 
but  the  content  of  double  bonds  during  aging  did  not  substantially 
change. 
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Fig.  11.  Change  in  the  relative  concen¬ 
tration  of  carbonyl  groups  during 
thermal  oxidation  aging  of  polyethylene 
irradiated  up  to  100  Mrad:  1  - 
polyethylene  heat-stabilized  without 
annealing  and  pure  polyethylene, 
annealing  at  150°C,  3  hr;  2  - 
pure  polyethyelene  annealing  at  100°C, 
30  min;  3  -  the  same,  annealing  at 
200°C,  30  min;  ^  -  the  same,  annealirg 
at  150°C,  3  hr;  5  -  the  same,  annealin'* 
at  200°C ,  3  hr. 


The  examination  of  the  totality  of  test  data  obtained  shows 
that  the  process  of  thermal  oxidation  of  irradiated  polyethylene 
at  temperatures  higher  than  the  melting  point  flows  according  to 
a  mechanism  which  is  substantially  differen  from  that  generally 
accepted  for  nonirradiated  polyolefins  in  the  area  of  lesser 
temperatures . 

The  nonmonotonic  course  of  the  dependence  of  the  content  of 
gel  fraction  on  the  duration  of  aging  is  conditioned,  as  already 
mentioned  above,  by  the  simultaneous  flow  of  two  fundamental 
competing  processes:  the  thermal  oxidation  degradation  which  is 
aevelopeo  by  the  usual  mechanism  with  the  formation  of  peroxide 
and  hydrcperoxide  radicals,  and  s cructuration.  Under  normal 
conditions  the  peroxide  radical  being  formed  recombines  with  the 
polymer  radical  with  the  formation  of  a  peroxide  cross  bridge. 
However,  at  temperatures  above  150° C  such  peroxide  bonds  are 
destroyed. 
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The  drop  observed  in  the  content  of  gel  fraction  during  the 
initial  period  of  aging  in  the  light  of  the  described  mechanism 
can  be  explained  only  by  the  fact  that  the  process  of  oxidation 
of  irradiated  polyethylene  flows  selectively  with  the  participation 
of  tertiary  atoms  of  carbon  in  the  C-C  cross-linkages  which  were 
formed  during  irradiation.  This  is  confirmed  by  the  fact  that 
the  yield  of  degradation  during  the  initial  period  of  aging  is 
proportional  to  the  irradiation  dose,  i.e.,  the  density  of  cross- 
linkages.  The  subsequent  increase  in  the  content  of  gel  fraction 
attests  to  the  structuration  of  the  polymer.  The  cross-linkages 
being  formed  are  oxygen-containing  -  this  stems  from  a  comparison 
of  the  content  of  gel  fraction  in  pure  and  heat-stabilized 
polyethylene,  on  the  one  hand,  and  from  the  correlation  of  this 
process  with  an  increase  in  the  concentration  of  bound  oxygen  -  on 
the  other. 

The  constancy  of  the  relative  value  of  extremes  makes  it 
possible  to  assume  that  the  formation  of  these  oxygen-containing 
bonds  is  a  process  determined  by  formation  and  decomposition  of 
peroxide  bridges.  The  presence  of  bend  on  the  ascending  branch 
of  the  curve  confirms  this  assumption,  because  these  processes 
flow  simultaneously,  and  the  somewhat  lower  rate  of  the  second 

« 

process  predetermines  its  course  for  a  certain  period  of  time 
after  the  conclusion  of  the  first  process. 

The  subsequent  slower  process  of  structuration,  which  flows 
with  the  participation  of  oxygen,  is  apparently  conditioned 
by  the  cross-linkages  as  a  result  of  the  interaction  of  the 
polymer  macroradicals  which  arose  during  the  breaking  of  chemical 
bonds  of  the  tertiary  atoms  of  carbon  and  other  weak  places  of 
the  polymer  chain.  Available  data  make  it  possible  to  assume 
that  the  process  of  structuration  is  conditioned  by  the  formation 
of  simple  ether  bonds. 

j 

t 

i 
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The  proposed  mechanism  for  thermal  oxidation  aging  makes  it 
possible  to  explain  tne  data  obtained  earlier  [2M,  2*»5]  on  the 
lesser  thermal  resistance  of  irradiated  polymers  as  compared  with 
nonirradiated,  and  also  to  stress  the  importance  of  the  solution 
to  the  problem  of  heat  stabilization  of  irradiated  polymers  for 
the  creation  of  the  possibility  for  the  realization  of  their 
potentially  valuable  properties. 

In  works  by  the  authors  the  question  of  the  possibility  of 
a  thermal  stabilization  of  irradiated  polyethylene  and  other 
polyolefins  has  been  studied  in  detail,  for  example,  the  copolymer 
of  ethylene  with  propylene.  Formulas  for  effective  heat-stabilized 
systems  have  been  developed,  the  defficiency  of  thermal  stabilization 
of  irradiated  polyolefins  has  been  investigated  over  a  wide 
range  of  temperatures  (the  properties  of  heat-stabilized  irradiated 
polyethylene  are  examined  in  the  following  chapter),  the  peculiar¬ 
ities  of  the  mechansirn  of  the  synergistic  action  of  stabilizing 
systems  have  been  revealed,  and,  along  with  chemical,  the  structural 
mechanism  for  the  stabilization  of  irradiated  polymers  has  been 
disclosed. 

The  testing  of  different  types  of  compounds  as  antioxidant 
additives  showed  [23^,  2*17,  248]  that  certain  crgano-tin  and  also  ! 

other  compounds  exert  a  stabilizing  action  on  the  process  cf  ; 

thermal  aging  of  irradiated  polyethylene.  The  introduction  of  j 

these  heat  stabilizers  to  the  extent  of  up  to  5-7  parts  by 
weight  to  100  parts  by  weight  of  polymer  makes  it  possible  to 
increase  the  duration  of  utilization  of  irradiated  polyethylene 
in  air  up  to  the  loss  of  elasticity  (relative  elongation  is  reduced 
to  100")  as  compared  with  the  irradiated  polyethylene  not  con¬ 
taining  special  additives  at  a  temperature  of  150°C  from  150-200 
to  1500-2000  hr,  and  at  200°C  -  from  10  to  50-60  hr. 

Further  studies  snowed  [2*19]  that  the  effect  of  thermal 
stabilization  of  irradiated  polyethylene  can  be  substantially 
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strengthened,  if  as  stabilizers  individual  substances  are  not 
used,  but  their  specially  selected  mixtures  with  a  specific 
relationship  of  components.  In  this  case  a  clearly  expressed 
synergistic  effect  is  observed  [250].  The  use  of  combined 
synergistically  interacting  additives  as  heat  stabilizers  of 
irradiated  polyethylene  ensures  the  effective  protection  of  this 
material  from  oxidation  in  air  at  a  temperature  of  150°C  for 
5000-6000  hr,  and  at  200°C  -  for  150-200  hr  and  more. 

By  the  utilization  of  methods  of  infrared  spectrometry  and 
extraction  [251],  by  the  study  of  Mossbauer's  effect  [252],  the 
analysis  of  the  strength  and  thermomechanical  characteristics  of 
a  material  during  thermal  aging  [253],  and  also  by  using  other 
physicochemical  methods  of  investigation  the  influence  of  the 
thermal  aging  of  irradiated  polyolefins  was  revealed.  Specifically 
it  has  been  established  that  additives  are  expended  both  during 
radiation  and  thermal  influences,  that  the  majority  of  the 
stabilizing  systems  along  with  an  antioxidant  action  play  the 
roles  of  antirads. 

The  thermal  stabilization  of  irradiated  polyethylene  can 
also  be  accomplished  [221,  25*0  with  the  help  of  the  industrial 
antioxidants  -  aromatic  amines  and  phenols,  which  are  usually 
used  in  a  concentration  of  0.2$  for  the  protection  of  polyolefins 
during  technical  processing,  but  introducing  them  in  a  considerably 
greater  (10-20  times)  quantity.  These  substances,  introduced 
into  polyolefins  prior  to  irradiation  in  small  (0.2-0. 5  wt  %) 
concentrations,  exert  an  antirad  influence  on  the  polymer  [2^7]. 
Protection  is  apparently  of  the  "sponge"  type.  During  the 
irradiation  of  a  polymer  in  the  presence  of  atmospheric  oxygen 
(or  traces  of  it  during  Irradiation  in  a  vacuum  or  a  medium  of 
inert  gas)  these  compounds  fulfill  the  functions  of  an  antioxidant, 
diminishing  cross-linking  through  oxygen  bridges  and  simultaneously 
blocking  weak  bonds,  as  a  result  of  which  the  consumption  of  the 
absorbed  energy  of  radiation  on  the  breaking  of  the  main  chain 
of  the  polymer  is  averted.  With  a  content  of  5  wt  $  of  aromatic 
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phenols,  for  example  2. 2 '-methylene-iis- (4-methyl-6-£ert- 
butyphenol),  or  amines,  for  example  di-g-naphthyl-«- 
phenylenediamine,  polyethylene  which  is  irradiated  up  to  the 
optimal  dose  retains  a  high  elasticity  (the  relative  elongation 
drops  only  by  25-30$  as  compared  with  original  value  instead  of 
70$  in  the  absence  of  these  additives;  the  content  of  gel  fraction 
in  this  case  is  equal  to  70$  instead  of  90$  during  irradiation 
without  additives). 

Phenyl-$-naphthylamine  and  ionol  are  also  active  antioxidants 
for  irradiated  polypropylene  [223,  224  ]. 

The  methods  developed  for  thermal  stabilization  are  also 
applicable  to  the  irradiated  copolymer  of  ethylene  with  propylene 
[255]  -  a  material  which  presents  special  interest  as  an  object 
for  radiation  modification  for  two  reasons:  1)  as  a  material 
possessing  considerably  higher  deformation  characteristics  in 
the  initial  state  and  2)  as  being  cross-linked  to  the  necessary 
degree  in  a  lesser  irradiation  dose  than  polyethylene. 

In  a  number  of  works  [97*  256]  for  increasing  the. .duration 
of  the  utilization  of  products  made  from  irradiated  polyethylene 
at  elevated  temperatures  it  is  recommended  to  introduce  as  an 
additive  prior  to  irradiation  sulfur,  selenium,  tellurium,  or 
compounds  of  them. 

Until  recently  the  inhibiting  action  of  antioxidants  were 
usually  connected  only  with  their  purely  chemical  interaction 
with  the  polymer,  but  such  an  approach  is  not  exhausting.  In 
works  [257,  258]  the  question  was  raised  for  the  first  time  con¬ 
cerning  the  influence  of  heat  stabilizers  on  structuration  in  the 
initial  polymer  and  the  change  in  the  structure  of  irradiated 
polyethylene  during  thermal  oxidation. 
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The  comparison  of  the  data  of  electron-microscopic  and 
electron  diffraction  studies,  differential  thermal  analysis.  X-ray 
dif fracti ometry ,  and  the  strength  characteristics  of  the 
polyethylene  of  low  density  both  in  the  pure  form  and  containing 
heat-stabilizing  additives  (separately  and  in  various  combinations) 
before  and  after  irradiation,  and  also  after  thermal  oxidation 
aging  allowed  the  making  of  completely  definite  conclusions. 

As  the  studies  on  model  systems  showed  (films  obtained  from 
solutions  in  xylol),  the  individual  components  of  heat-stabilizing 
systems,  depending  on  their  structure,  properties,  and  also 
compatibility  with  the  polymer,  participate  in  the  crystallization 
of  polyethylene  (Pig.  12a)  as  a  nuclei  forming  agent  (Pig.  12b) 
or  plastifier  (Pig.  12c).  In  a  particular  case  both  these 
functions  can  be  fulfilled  by  one  and  the  same  component  of  the 
system.  The  introduction  into  a  polymer  of  an  optimal  concentration 
of  a  heat-stabilizing  system,  the  components  of  which  are  a 
nuclei  forming  agent  and  a  plasticizer,  predetermines  the  forma¬ 
tion  of  the  structure  characterized  by  the  interpenetration  of 
the  fibrils  of  adjacent  spherulites  and  the  disappearance  of 
boundaries  between  individual  spherulites,  i.e.,  as  a  self¬ 
reinforcing  of  the  system  (Fig.  12d).  Such  a  structure  is  observed 
for  all  the  previously  developed  effective  heat-stabilizing 
systems  in  their  optimal  concentration  in  a  polymer. 

The  crystallization  of  polymer  from  a  melt  into  a  block  in 
the  presence  of  individual  additives  leads  to  the  same  results  as 
in  model  systems  -  to  cocrystallization  in  the  case  of  an 
additive-nuclei  forming  agent  and  to  the  formation  of  large 
supramolecular  structures  in  the  case  of  an  additive-plasticizer. 

In  Fig.  13a  a  picture  of  pure  polyethylene  is  shown.  The 
cocrystallization  of  polyethylene  with  a  heat-stabilizing  system 
in  the  optimal  concentration  leads  to  the  formation  of  close- 
packed,  perfect  supramolecular  structures  (Fig.  13b),  which 
correlates  with  the  physicomechani cal  properties  observed. 
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Fig.  12.  The  structure  of  P2015K  industrial  polyethylene 
of  low  density  crystallized  from  a  solution  in  xylol: 
a)  pure  polyethylene;  b)  polyethylene  +  100  parts  by 
weight  of  crystallizing  additive;  c)  polyethylene  +  20 
parts  by  weight  amorphous  additive;  d)  polyethylene  + 

+  mixture  of  additives  (crystallizing  and  amorphous) 
in  an  optimal  concentration. 
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Fig.  13.  Replicas  from  the  surface 
of  the  low-temperature  cleaving  of 
P2015K  polyethylene  crystallized 
from  a  melt  into  a  block:  a)  pure 
polyethylene;  b)  polyethylene  +  a 
mixture  of  additives  in  optimal 
concentration;  c)  polyethylene 
after  thermal  oxidation  aging  at 
increased  temperature. 


Thermal  oxidation  of  irradiated  pure  ar.d  heat-stabilized 
polyethylene  is  accompanied  by  strurtural  homogenization 
(Pig.  13c).  Here  the  presence  of  he*at-stabilizing  systems  pre¬ 
determines  the  possibility  of  the  subsequent  recrystallization 
and  thereby  the  preservation  of  physicomechanical  properties  for 
a  prolonged  period  of  aging.  The  data, of  X-ray  defractometry 
show  that  pure  polyethylene  during  thermal  aging  becomes 
amorphous  rapidly,  wheress  in  heat-staoilized  polyethylene  the 
degree  of  crystallinity  is  lowered  only  insignificantly. 

t 

Thus  the  totality  of  findings  shows  that  the  action  of 
stabilizers  upon  their  introduction  into  polyethylene  is  not 
limited  to  a  purely  chemical  inhibiting  effect.  More  perfect 
supramolecular  structures  which  appear  in  the  presence  of  heat 
stabilizing  systems  introduced  in  optimal  concentrations  and  the 
nature  of  their  mutual  arrangement  and  packing  (the  interpenetra¬ 
tion  of  fibrils  which  generate  spherulites)  hamper  the  process  of 
oxidation.  The  presence  of  additive  which  is  a  nuclei  forming 
agent  predetermines  the  possibility  of  recrystallization  during 
aging.  The  presence  of  a  plasticizing  additive  increases  the 
mobility  of  chains  and  individual  structural  elements,  which 
also  facilitates  the  processes  of  recj-ystallization  after  deep 
thermal  oxidation  degradation.  Hence  it  follows  that  the 
phenomenon  of  synergism  is  conditioned  for  the  most  effective 
heat-stabilizing  systems  apparently  not  only  by  the  purely 
chemical  mechanisms  examined  earlier,  but  also  to  a  considerable 
degree  by  the  mechanism  of  unique  " structural”  protection, 
whereupon  the  determining  factors  which  influence  the  thermal 
oxidation  aging  of  irradiated  polyethylene  are  the  nature,  per¬ 
fection,  and  the  packing  density  of  the  supramolecular  structures 
of  polyethylene. 

This  new  approach  to  the  problem  of  the  thermal  stabilization 
of  polymers  in  general  and  irradiated  polymers  especially  opens 
new  possibilities  for  the  "construction"  of  heat-stabilizing 
systems  based  on  other  principles,  taking  into  account  both  the 
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inhibiting  effectiveness  of  individual  components  and  their 
influence  on  the  processes  of  structuration. 

The  Sensitizers  of  Radiation  Cross-  Linking 

It  was  shown  above  that  all  the  polymer  materials  can  be 
divided  into  two  large  groups  -  cross-linked  and  degradation 
polymers.  Radiation  treatment  leads,  as  it  will  be  shown  below, 
to  the  improvement  in  the  complex  of  properties  only  of  cross- 
linked  polymers,  whereas  for  the  achievement  of  efficiency  it 
is  necessary  to  irradiate  the  polymers  up  to  very  high  doses. 

To  degradation  polymers  the  method  of  radiation  cross-linked 
naturally  is  inapplicable.  However,  in  recent  years  a  method 
was  proposed  for  the  sensitization  of  the  process  of  radiation 
cross-linking  of  polyolefins  and  some  other  polymers  which  makes 
it  possible  to  substantially  decrease  the  irradiation  dose 
necessary  for  the  modification  of  the  cross-linked  polymers,  and 
also  to  carry  out  the  radiation  cross-linked  of  degradation  polymers. 
This  method  consists  of  the  following:  into  the  polymer  prior  to 
irradiation  some  poly functional  monomer  is  introduced  as  an  additive 
[259-263]. 

Some  authors  have  shown  [262,  263]  that  the  introduction  of 
polyfunctional  monomers  (allyl  acrylate,  allyl  methacrylate,  and 
others),  along  with  a  significant  decrease  in  the  irradiation  dose 
necessary  for  cross-linking,  eliminates  the  undesirable  side 
process  of  dehydrochlorination  which  flows  during  the  irradiation 
of  haloid-substituted  polymers.  Later  it  was  established 
266]  that  it  was  feasible  to  apply  this  method  to  the  sensitization 
of  the  process  of  radiation  cross-linking  of  a  wide  circle  of 
polymers  -  polyvinyl  acetate,  polyethyl  methacrylate,  polypropylene, 
polyacetate  cellulose,  nylon.  This  method  was  also  applied  for 
the  radiation  solidification  of  unsaturated  polyster  resins  [267], 

In  works  [221,  268-272]  a  detailed  investigation  is  made  of 
the  process  of  radiation  cross-linking  of  polyethylene. 
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polypropylene,  and  polyisobutylene  with  additives  of  poly- 

■  1  l 

functional  monomers:  ally 1- acrylate,  allyl  methacrylate,  ,  . 

diviny Ibenzene,  ethylene  glycol  dimethacrylate,  ethylene  glycol 

diacrylate, triallyl  phosphate,  and  others.  The  investigated 

monomers  were  introduced  into  the  samples  of  polyethylene  ana 

other  polymers  by  means  of  swelling  to  an  equilibrium  state 

at  25°C,  then  these  systems  were  irradiated  on  a  ysoUrce  and 

the  content  of  gel  "fraction- determined  by  means  of  their  1 

extraction  by  xylol  in  the  "presence  of  antioxidants.  By  the  1 

introduction  of  the  indicated  additives  (2-4  wt.  %)  it  was 

possible  to  lower  the  dose  of  gel  formation  !of  1  Mrad  for  pure 

polyethylene  to  0.0b  Mrad  for  the  polymer  -  monomer  system.  The 

form  stability  of  polyethylene  at  130?C,  irradiated,  after  swelling 

in  these  monomers  up  to  1.2  Mrad,  is  no  different  from  the  form  : 

stability  of  pure  polyethylene  irradiated  up  to  30  Mrad.  It 

was  found  [273]  that  the  irradiation  of  pure  polyethylene  up  to 

80  Mrad  gives  rise  to  the  same  change  in  properties  as  during  the 

irradiation  of  polyethylene .in  the  presence  of  polyfunctional  . 

monomers  in  small  doses.  The  dielectric  properties  of  polyethylene 

1 

are  not  very  sensitive  to  the  presence  of  these  substances. 


I  . 


The  effectiveness  of  radiation  cross+linking  of  polypropylene, • 
irradiated  after  swelling  in  poly functional  monomers  to  equilibrium, 
also  increases  considerably."  With  ah  irradiation  dose  of  5  Mrad  • 
the  content  of  gel  fraction  in  the  polymer  -  hionomer  system 
reaches  ~70/5,  whereas  in  pure  polypropylene  in  this  dose  a  gel 
fraction  is  not  formed- at , all .  It  is  significant  that  for 

%  i 

polypropylene  this  method  of . sensitization  proves  to  be  even 

•  i 

more  effective  than  for  polyethylene,  since  the  radiochemical 
yield  of  radicals  during  the  irradiation'  of  polypropylene  is 
higher  than  for  polyethylene.  A  very  effective  sensitizer  of 
the  process  of  radiation  cross-linking  of  polypropylene  is  [221] 
triallyl  cyanurate;  it  is.  also  effective  for  polyethylene  [274]. 

i  ^ 

There  is  special  interest' in  the  use  of  the’  .descrioed  method 
of  sensitization  of  radiation  cross-linking  for  poly isobutylene  x 
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wnich  contains  the  quaternary  atom  of  carbon,  and  because  of 
this  feature  of  chemical  structure  predominantly  undergoes  degrada¬ 
tion  during  irradiation.  As  shown  in  work  [275]  by  means  of 
the  analysis  of  the  yield  of  gaseous  products  depending  on  dose 
and  temperature  during  irradiation,  degradation  is  mainly  the 
result  of  the  direct  breaking  of  C-C  bonds  and  not  any  other 
reactions  leading  to  the  liberation  of  gas.  The  analysis  of 
infrared  and  untraviolet  spectra  [276]  also  confirmed  this  point 
of  view.  At  the  same  time  the  introduction  of  some  liquid 
additives,  depending  on  additive  concentration,  can  lead  both  to 
an  increase  and  to  a  decrease  in  the  number  of  breaks  in  the  main 
chain  [277].  By  means  of  the  appropriate  selection  of  the 

i 

polyfunctional  monomer  the  trend  of  radiochemical  processes  which 
are  developed  in  polyisobutylene  during  irradiation  can  be  displaced 
to  the  side  of  cross-linking.  At  an  irradiation  dose  of  1  Mrad 
pure  polyisobutylene  is  completely  degraded,  whereas  with  the 
.  addition  of  allyl  acrylate  the  content  of  gel  fraction  in  this 
dose  reaches  60%  [270]. 

i 

A  study  has  been  made  of  the  influence  of  the  nature  of 
•the  mediums  (air,  vacuum)  during  the  irradiation  of  the  polymer  - 
monomer  system  and  the  dependence  of  the  reaction  yield  of 
radiation  cross-linking  on  the  irradiation  dose  [221,  255].  On 
1  the  basis  :of  the  analysis  of  the  infrared  spectra  of  polyfunctional 
additive  and  irradiated  compositions  of  polyethylene  with  these 
additives  a  mechanism  is  proposed  for  the  sensitization  of  the 
reaction  of  radiation  cross-linking.  Specifically  it  has  been 
established  that  the  sensitizing  action  of  polyfunctional  monomers 
on  the  cross-linking  of  polyethylene  is  expressed  at  doses  no 
higher  than  MO  Mrad. 

In  a  subsequent  work  [271]  the  structural  changes  in  the 
polymeri-  monomer  system  during  irradiation  are  investigated  and 
also  the  influence  of  the  method  of  introduction  of  the 
polyfunctional  monomer  into  the  polymer  on  the  behavior  of  the 
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resulting  composition  during  irradiation  and  the  reaction  yield  j 

of  radiation  cross-linking  are  clarified.  In  this  case  it  has  j 

been  established  that  during  irradiation  not  only  does  the  addition 

of  the  polyfunctional  monomer  to  polymer  macroradial  occur 

(useful  effect),  but  also  partially  the  polymerization  of  an 

additive  itself  (undesirable  effect).  It  has  also  been  shown 

that  the  effectiveness  of  the  sensitizing,  action  of  the  additive 

to  a  considerable  degree  depends  on  the  method  of  its  introduction  ; 

into  the  polymer;  heat  treatment  during  introduction  facilitates  j 

J 

the  polymerization  of  the  additive  itself,  which  substantially  *  j 

lowers  its  effectiveness  during  radiation  cross-linking.  It  is  j 

necessary  to  take  this  into  account  when  developing  industrial 
technology.  The  results  obtained  agree  well  with  the  data  of 
work  [269]. 

In  work  [278]  a  method  is  proposed  for  the  modification  of 
a  number  of  polymers  (polyethylene,  polyacrylonitrile,  cellulose 
acetate,  polyvinyl  chloride,  polymethyl  methacrylate,  and  others) 
which  leads  to  a  decrease  in  their  fluidity  and  solubility.  A  j 

distinctive  feature  of  this  method  lies  in  the  fact  that  the  } 

poly functional  monomers,  which  are  the  sensitizers  of  radiation  j 

cross-linking,  are  introduced  into  the  polymer  either  by  mechanical 
mixing  or  by  means  of  swelling  in  a  monomer,  or  finally  by 

means  of  swelling  in  a  mixture  of  monomer  with  an  auxiliary  j 

liquid  solvent  in  which  the  polymer  being  irradiated  will  swell 
sufficiently. 

For  the  acceleration  of  the  process  of  cross-linking  of  a 
number  of  polymers  (linear  polyamides,  linear  polyacetyls, 
halogenated  and  haloid-sulfonated  1-alkanes  and  vinyl  polymers) 
it  is  suggested  [279,  280]  to  conduct  irradiation  in  the 
presence  of  0.01-10?  additive  of  tetrafluoroethylene, 
hexafluoropropylene,  or  perfluorocyclobutene.  In  this  case  along 
with  an  increase  in  the  yield  of  cross-linking  a  product  with 
a  lower  friction  coefficient  is  obtained. 
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The  effectiveness  of  the  cross-linking  of  polyethylene  and 
polypropylene  can  be  also  increased  by  means  of  their  irradiation 
in  the  presence  of  monodichlorobenzene  to  the  extent  of  more 
than  10%  of  the  weight  of  the  polymer.  This  method  can  also  be 
used  for  polymers  with  fillers  [28l]. 


The  acceleration  of  radiation  cross-linking  of  styrene  is 
attained  in  the  presence  of  pyrene  [282]  and  also  triallyl 
isocyanurate  [283] • 

In  works  [151,  173]  a  study  is  made  of  the  influence  of 
various  gaseous  media  on  the  process  of  radiation  cross- i.:  nking 
of  polyethylene  and  it  is  shown  that  nitrous  oxide  exerts  a 
noticeable  sensitizing  action.  In  subsequent  works  [175.  177] 
the  influence  of  dose  rate,  temperature  and  pressure  of  the 
nitrous  oxide  on  this  process  is  investigated  in  detail. 

In  work  [1"7]  it  is  shown  that  during  the  irradiation  of 
polyisobutylene  in  an  atmosphere  of  nitrous  oxide  the  yield  of 
the  process  of  degradation  characteristic  for  this  material 
diminishes  as  compared  with  irradiation  in  the  air  and  in  a 
vacuum. 

In  work  [17^]  it  is  proposed  that  during  the  irradiation  of 
polyethylene  in  an  atmosphere  of  I^O  the  process  of  cross-linking 
is  sensitized  and  the  probability  of  breaks  in  the  main  chain  is 
not  changed.  At  the  same  time  for  polypropylene  irradiated  in 
nitrous  oxide  a  slowing  down  of  the  process  of  degradation  has 
been  uncovered  [179,  221].  The  opinion  has  been  expressed  [176] 
that  the  sensitizing  action  of  nitrous  oxide  is  apparently 
conditioned  by  the  molecular  excitation  of  N^O  and  by  their 
interaction  with  the  hydrogen  of  the  polymer  chains,  which  gives 
rise  co  the  liberation  of  molecular  nitrogen  and  water,  and  also 
to  cross-linking  in  the  polymer. 
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The  possibility  of  a  lowering  in  the  irradiation  dose  in 
the  presence  of  a  cross-linking  agent  -  sulfur  monochloride  -  is 
studied  in  work  [284];  the  processing  of  polyethylene  films  with 
a  thickness  of  60  pm  and  polypropylene  threads  with  a  thickness  of 
180  pm  with  sulfur  monochloride  was  accomplished  from  the  vapor 
phase,  and  then  they  were  irradiated.  It  has  been  established 
that  the  cross-uinking  of  polyolefins  in  the  presence  of  sulfur 
monochloride  occurs  considerably  more  rapidly:  98%  content  of 
gel  fraction  is  attained  with  a  dose  of  0.1  Mrad  [285]. 

The  mechanism  for  the  sensitizing  action  of  poly functional 
monomers  on  the  process  of  the  radiation  cross-linking  of 
polyolefins  and  other  polymers  can  be  presented  in  the  following 
manner.  The  primary  stage  of  the  process  is  the  clevage  of  the 
double  bonds  of  the  polyfunctional  monomer  under  the  influence  of 
radiation.  Further  the  molecule  of  polyfunctional  monomer 
activated  thusly  interacts  with  the  continguous  polymer  chains 
or  macromolecules,  which  a  .so  gives  rise  to  the  formation  of 
a  cross  bridge  -  a  molecule  of  monomer  imbedded  betv/een  the 
polymer  chains. 

The  indicated  process  Is  developed  by  a  radical  mechanism, 
which  is  confirmed  [272,  286]  by  the  absence  of  the  dependence  of 
yield  of  cross-linking  in  the  polymer  -  monomer  system  on  the 
dose  rate  and  presence  of  inhibitors  of  radical  polymerization. 

Table  13  shows  the  content  of  gel  fraction,?,  in 
polyethylene  depending  on  form  and  the  sensitizing  additive 
content  at  various  irradiation  doses  in  a  vacuum. 

'fne  trend  of  work  noted  above  on  the  lowering  in  the 
irradiation  dose  for  the  realization  of  the  optimal  complex  of 
properties  of  radiation-modified  polymers  unconditionally  has 
very  important  practical  value,  and  although  this  method  is 
still  at  the  stage  of  industrial  testing  Its  investigation  in 
various  aspects  embeds  this  possibility  in  the  near  future. 
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Table  13-  'The  c 
of  polyethylene 


■nl  of  ge*  fraction  in  irradiated  samples 


Sample 

Concentra¬ 
tion  of 

additive, 
mole/k r. 

— 

irradiation 

dose. 

Mrad. 

0.25 

2 

10 

50 

1 

Polyethylene,  without  additive 

12 

4 1 

85 

Polyethylero  +  allyl  methacrylate 

0. 1 6 

1 6 

51  ' 

70 

87 

0.25 

21 

32 

60 

86 

0.5 

29 

40 

66 

86 

Polyethylene  +  triallyl  cyanurate 

0.25 

45 

71 

87 

91 

0.5 

48 

77 

90 

9* 

Polyethylene  +  ethylene  gycol 

0.1 

22 

45 

75 

87 

dimethacrylate 

0.25 

25 

47 

75 

89 

0.5 

52 

47 

70 

89 

1.0 

37 

55 

83 

90 

Polyethylene  +  diallyl  maleate 

0.25 

?0 

32 

65 

85 

0.5 

22 

45 

83 

87 

1.0 

25 

46 

88 

90 

CHAPTER  III 


THE  INFLUENCE  OF  IRRADIATION  ON  THE 
PROPERTIES  OF  ELECTRICAL  INSULATING 
POLYMERIC  MATERIALS 

In  the  preceding  sections  it  was  shown  that  the  influence 
of  ionizing  radiations,  depending  on  the  peculiarities  of  structure 
of  the  macromolecules  of  the  initial  material,  the  conditions  of 
irradiation,  temperature  of  the  polymer,  its  phase  state, 
presence  of  any  additive,  and  other  factors,  lead  to  a  significant 
change  in  the  structure  of  the  polymer:  to  transformation  from 
linear  (branched)  into  steric,  to  an  increase  or  decrease  in 
molecular  weight,  to  the  accumulation  of  some  and  the  disappear¬ 
ance  of  other  types  of  double  bonds,  etc.  It  is  natural  that  all 
these  changes  have  a  significant  influence  on  the  various  pro¬ 
perties  of  a  material  and  can  lead  both  to  the  improvement  (of 
some)  and  to  the  deterioration  (of  others)  of  its  technical 
characteristics.  Therefore  the  question  of  the  influence  of 
irradiation  on  the  properties  of  electrical  insulating  materials 
is  of  significant  interest  at  least  in  two  directions. 

In  the  first  place,  if  the  influence  of  ionizing  radiations 
leads  to'  an  improvement  of  specific  properties  of  the  polymer, 
then,  apparently  it  is  possible  to  use  irradiation  as  a  technical 
method  for  tha  realization  of  a  directed  change  in  the  properties 
of  this  material  and  thereby  add  to  it  the  required  character¬ 
istics  . 
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In  the  second  place,  if  under  the  influence  of  ionizing 
radiations  some  properties  of  the  polymer  deteriorate,  then  it 
is  important  to  know  under  exactly  what  radiation  conditions 
(taking  into  account  the  other  factors  it  is  understood)  these 
properties  deteriorate  so  much  that  the  part  no  longer 
corresponds  to  its  requirements,  i.e.,  it  loses  the  required 
' echnical  characteristics;  in  other  words,  it  is  of  interest 
to  know  the  radiation  stability  of  the  material  (evaluated 
by  some  criterion  which  is  critical  for  the  given  application). 

The  complexity,  and  sometimes  also  the  contradictoriness 
of  requirements  for  materials  and  products  during  the  creation 
of  contemporary  devices,  machines  and  apparatuses,  conditions 
the  necessity  for  a  complex  approach  when  evaluating  their 
efficiency  for  any  operating  conditions. 

Taking  into  account  the  aforesaid  below  the  changes  in  the 
properties  of  polymers  of  various  classes  under  the  influence 
of  radiation  are  examined,  and  also  the  specifics  of  exploitation 
and  the  efficiency  of  electrical  insulating  polymeric  materials 
in  the  zone  of  action  of  ionizing  radiations  as  well  as  under 
conditions  of  space  are  noted. 

THE  CHANGE  IN  THE  PROPERTIES  OF  POLYMERS 
UNDER  THE  INFLUENCE  OF  IONIZING 
RADIATIONS 

Hydrocarbon  Plastics 
Polyethylene 

Polyethylene  is  a  hydrocarbon  polymer  with  the  structure 
(-CH2“CH2-)n;  it  is  obtained  by  polymerization  of  ethylene  with  the 
utilization  of  a  heterogenic  catalyst  or  very  high  pressures. 

The  molecular  weight  of  polyethylene  varies  usuallv  within  .the 
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limits  of  10  -10  .  The  main  chain  of  the  polymer  consists  of 
-Cr^-CHp—  links  but  always  there  is  also  vinylidene,  vinylene 
and  vinyl  nonsaturation,  and  also  a  certain  branching  whose  degree 
depend?  on  the  method  of  obtaining.  At  room  temperature  poly¬ 
ethylene  is  partially  crystalline  and  partially  amorphous. 


During  irradiation  in  polyethylene  processes  of  cross-linking 
and  degradation  flow,  however,  the  first  prevails  over  the 
second  (the  ratio  of  the  rates  of  degradation  and  cross-linking 
comprises  about  0.3).  The  formation  of  cross-linking  has  a 
significant  influence  on  the  properties  of  the  material. 


Thermomechanical  characteristics  (the  deformation- 
temperature  dependence).  Figure  14  shows  the  thermomechanical 
curves  of  low  [PNP]  (flHfl)  and  high  [PVP]  (FlBn)  density  polyethylene 
irradiated  by  y-radiation  of  Co^°  under  various  conditions  [287  3  - 
In  both  cases  a  difference  is  distinctly  observed  in  the 
behavior  of  the  nonirradiated  and  irradiated  polyethylene. 
Equilibrium  deformation  during  the  action  of  a  constant  load  at 
elevated  temperatures  is  expressed  less,  the  greater  tne 
irradiation  dose  and  at  any  given  dose  is  preserved  practically 
constant  up  to  the  temperature  of  thermal  decomposition  of  the 
polymer. 

Fig.  14.  The  thermomechanical 
curves  of  polyethylene  of  low 
and  high  density,  irradiated 
by  y-radiation  in  various  doses : 
1  -  PNP  (polyethylene  of  low 
density)  nonirradiated;  2  -  PVP 
(polyethylene  of  high  density) 
nonirradiated;  3  -  PNP,  50  Mrad; 
4  -  PNP,  65  Mrad;  5  -  PNP, 

100  Mrad;  6  -  PNP,  155  Mrad; 

7  -  PNP,  240  Mrad;  8  -  PVP, 

200  t.X  .  5o  Mrad;  9  -  PVP,  100  Mrad 
KEY:  (a)  Deformation,  mm. 


n"ie  strength  properties  of  polyethylene  at  a  given  tempera¬ 
ture  are  directly  connected  with  its  crystallinity,  the  degree 
of  which  depends  on  molecular  weight  and  the  branching  of  the 
polymer.  The  crystalline  phase  of  PNP  at  room  temperature 
comprises  50-60%,  but  with  a  temperature  increase  its  constant 
is  lowered  and  it  -'.aches  zero  at  approximately  106-110°C,  i.e., 
at  the  melting  point  of  the  greatest  crystalline  areas.  In  PVP 
content  of  crystalline  phase  at  room  temperature  is  higher 
(about  80%),  but  it  also  drops  to  zero  at  approximately 
135-137°C,  which  coincides  very  closely  with  the  theoretical 
melting  poinc  of  infinitely  long  chains  of  n-paraf f ins .  The  com¬ 
parison  of  properties  of  nonirradiated  PVP  and  irradiated'  PNP 
shows  that  the  difference  between  them  is  retained  over  a  wide 
range  of  temperatures.  Because  of  greater  crystallinity  PVP 
is  softened  at  higher  temperatures  than  PNP,  but  being  heated 
to  a  temperature  above  135°C  it  is  converted  into  a  viscous  liquid 
and  flow.  After  irradiation  PNP  acquires  a  reticular  structure; 
at  moderate  dose  of  irradiation  it  also  melts  at  temperatures 
of  110°C,  however,  even  with  a  further  temperature  increase  it 
does  not  flow,  but  it  remains  in  a  viscoelastic  state  and  under 
the  action  of  a  certain  load  retains  a  final  value  of  equilibrium 
deformation  determined  by  the  irradiation  does  (the  denseness  of 
the  network).  Thus , irradiation  increases  the  thermostability  of 
polyethylene  in  the  sense  that  it  ensures  the  form  stability 
at  temperatures  which  exceed  the  melting  temperature  of  this 
polymer. 

The  modulus  of  elasticity.  In  Fig.  15a  the  dependence  is 
shown  of  the  modulus  of  elasticity  of  polyethylene  on  the 
irradiation  dose  in  a  reactor  [288]  at  temperature  of  20  and 
150°C.  The  presence  of  a  minimum  in  the  curve  taken  at  20°C  is 
explained  by  the  course  of  two  oppositely  directed  processes: 
the  lowering  in  the  degree  of  cyrstallinity .under  the  action  of 
ionizing  radiations,  leading  to  the  decrease  in  modulus,  and 
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the  increase  in  the  degree  of  structuration  which  raises  the 
modulus,  and  we  exclude  the  influence  of  crystallinity  (heating 


to  150°C),  then  the  modulus 
increases  monotonically  with 
an  increase  of  irradiation 
dose . 

Density  and  degree 
of  crystallinity.  Synthet¬ 
ically  with  the  modulus 
there  is  a  change  in  poly¬ 
mer  density  during  irradia¬ 
tion.  Figure  15b  shows 
the  dependence  of  poly¬ 
ethylene  density  at  20 
and  150°C,  and  also  the 
degree  of  crystallinity 
on  the  dose  of  irradia¬ 
tion  [289]:  the 


Fig.  15-  The  dependence  of  the  modulus 

of  elasticity  a),  specific  gravity  and 

the  degree  of  crystallinity  b)  of 

polyethylene  on  the  irradiation  dose. 

KEY:  (1)  Modulus  of  elasticity, 

2  2  1 8 
dyn/cm  ;  (2)  Dose,  neutron  cm  *10  ; 

(3)  Specific  gravity,  g/cmJ;  (4)  Dose, 

Mrad‘102;  (5)  Degree  of  crystallinity, 
%. 


deterioration  of  crys¬ 
talline  structure  and  degradation  of  chains  diminishes  density, 
whereas  the  formation  of  transverse  bonds  and  a  steric  network 


increase  it.  Therefore  the  curve  taken  at  20°C  has  a  minimum, 
and  at  150°C  increases  monotonically. 


For  the  deterioration  of  crystallinity  in  polyethylene  of 
high  and  low  density  very  large  irradiation  doses  are  required: 
*3.5  *  109  rad  [290]. 


The  doses  given  by  various  authors  as  being  necessary  for 
the  complete  deterioration  of  crystallinity  in  polyethylene  differ 
quite  strongly  (compare  [197,  290,  291]).  This  is  apparently 
connected  with  differences  in  the  properties  of  the  initial 
material,  and  also  oy  the  differences  in  the  conditions  of 
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irradiation  in  different  experiments  (reactor,  y-source,  electron 
accelerator).  However,  it  has  been  noted  [291]  that  for  the 
complete  destruction  of  crystallinity  it  is  necessary  to  have 
substantially  lower  doses,  if  irradiation  is  conducted  at  tempera¬ 
tures  which  exceed  the  melting  point  of  polyethylene. 

This  is  connected  with  the  fact  that  the  cross-linkages 
which  are  formed  during  the  irradiation  of  molten  polymer  fix  in  it 
a  less  ordered  conformation  of  chains. 

In  the  range  of  irradiation  dose  utilized  in  practice 
for  the  modification  of  properties  (up  to  100  Mrad)  the  degree 
of  crystallinity  of  polyethylene  is  not  substantially  changed. 
However,  the  subsequent  heating  at  temperatures  above  the  melting 
point  in  an  inert  medium  gives  rise  to  the  breaking  up  of 
crystallites  into  smaller  units  and  therefore  to  a  lowering  in 
the  temperature  of  melting  (cross-linkages,  being  strained, 
during  heating  are  able  to  relax)  [252]. 

In  work  [292-29*1]  it  was  shown  that  the  melting  point  of 
polyethylene  is  lowered  in  proportion  to  the  increase  in  the 
irradiation  dose.  At  high  irradiation  doses  the  polymer  as  a 
result  of  this  becomes  transparent.  An  investigation  of  the 
change  in  the  transparency  of  polyethylene  Marlex-50  during 
irradiation  showed  [295]  that  the  optimum  conditions  for 
obtaining  a  transparent  polymer  with  good  physical  properties 
is  irradiation  up  to  a  dose  of  50  Mrad  at  a  temperature  higher 
than  the  melting  point  with  subsequent  irradiaiton  up  to  a  dose 
of  50  Mrad  at  room  temperature. 

Deformation  characteristics.  For  the  practical  use  of 
polyethylene  in  the  active  zone  of  ionizing  radiations,  and 
also  for  the  selection  of  the  optimal  dose  during  modification  it 
is  important  to  know  the  dependence  of  its  delormation  properties 


(tensile  strength  and  relative  elongation)  cm  the  irradiation 


dose.  As  the  results  of  the  investigations 
nature  of  change  in  tensile  strength  and  re 
with  the  irradiation  dose  depends  signif:icai| 
of  irradiation,  and  in  certain  cases  -  also 


showed  [287,  296],  the 
ative  elongation 
fitly  on  the  conditions 
on  the  ratio  of 


the  surface  of  the  sample  to  its  volume  (Figs.  16  and  17), 


i 
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Fig.  16.  The  dependence  of  the 
relative  elongation  of  samples 
of  polyethylene  on  dose  of  y- 
radiation: 


Irradiation 

Thickness , 

Temperatur 

dose,  Mrad 

mm 

of  measur¬ 
ing,  °C 

1  Vacuum 

0.4 

20 

2  The  same 

0.4 

90 

3  Air 

0.95 

90 

4  " 

0.95 

20 

5  " 

0.4 

90 

6  " 

0.4 

20 

Fig.  17.  The  dependence  of 
breaking  strength  of  samples 
of  polyethylene  on  dose  of  y- 
radiation: 


Conditions 

Thick¬ 

Temperature 

of  irradia¬ 

ness  , 

of  measure¬ 

tion 

mm 

ment,  °C 

1  Vacuum 

0.4 

20 

2  Air 

0.96 

20 

3  " 

0.4 

90 

4  Vacuum 

0.4 

90 

5  Air 

0.95 

90 

6  " 

0.4 

90 

The  influence  of  y-radiation 


of  Co 


60 


in  a  vacuum  leads  to 


a  strengthening  of  polyethylene  at  room  temperature,  however. 


elongation  decreases  and  in  the  range  of  doses  of  100-200  Mrad 

it  comprises  ^200$;  analogously  the  characteristics  are  changed 

at  an  increased  temperature  -  tensile  strength  increases  and 

elongation  is  lowered  to  1005?.  An  increase  in  the  irradiation 

dose  of  more  than  200  Mrad  conditions  a  certain  lowering  in 

strength  and  the  further  drop  in  relative  elongation.  Irradiation 

in  air  of  samples  with  a  thickness  of  0.4  mm  lowers  both  the 

relative  elongation  and  tensile  strength  at  both  temperatures 

of  testing.  Samples  with  a  thickness  of  0.95  mm  with  respect 

to  the  change  in  strength  characteristics  as  a  result  of 

irradiation  in  the  air  occupy  an  intermediate  position  between 

thin  samples  irradiated  in  the  air  and  in  a  vacuum.  Such  a 

dependence  of  change  in  properties  on  the  presence  of  air  and 

thickness  of  sample  attests,  on  the  one  hand,  to  the  large  rolu 

c.f  oxygen  in  processes  of  radiolysis  of  polyethylene  [297], 

and  on  the  other  -  to  the  limiting  influence  of  diffusion  of 

oxygen  into  polyethylene  on  the  radiation  oxidation  of  the 

2  3 

latter  at  the  dose  rate  used  (10  -10  rad/s). 

As  shown  in  work  [296]  the  tensile  strength  of  polyethylene 
of  low  density  begins  to  increase  in  the  range  of  doses  of 
5-10  Mrad  and  increases  with  further  irradiation  up  to  doses 
of  150-200  Mrad,  whereupon  it  begins  to  diminish.  According 
to  work  [78]  the  decrease  in  tensile  strength  begins  after 
irradiation  up  to  doses  of  100  Mrad. 

An  increase  in  tensile  strength  already  in  the  area  of  small 
doses  is  apparently  conditioned  by  an  increase  in  the  average 
molecular  weight. 

Tensile  strength  of  high-density  polyethylene  also  increases 
with  an  increase  in  irradiation  dose,  and  even  to  a  greater 
extent  than  in  low-density  polyethylene. 
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The  relative  elongation  of  low-density  polyethylene  in  the 
area  of  small  doses  increases  a*  little'  and  then  iri  proportion 
to  the  increase  of  dose  decreases.  i 

I 

1  : 

An  increase  in  relative  elongacion  at  low  doses  can  be- 
connected  with  the  plasticizing  action1 of  the  low  molecular 
fraction  which  is  formed  during  irradiation,1  and  also  as  a 
result  of  the  certain  increase  in  molecular  weights 

With  an  increase  of  irradiation  dose  in  the  polymeric  , 
matrix  increasingly  more  cross  bonds  are 'formed,  as  a  result  of 
which  the  cold  flow  of  the  polymer  is  impeded  increasingly  more. 
The  decrease  observed  in  relative  elongation  with  an  increase 
of  dose  is  conditioned  by  the  replacement  of  relatively  weak 
van  der  Waals'  interaction  forces  dn  the 'primary  valence  bonds 
between  the  polymer  chains..  With  an  increase  in  the  density 
of  the  steric  network  the  possibility  of  the  mutual  displacement 
of  chains  diminishes  and  elongation  drops  off.  The  decrease 

•  i  *  ! 

of  relative  elongation  with  an  increase  of  dose  is  one  of  the 
fundamental  limiting  factors  which  determine  the  possibility  of  ■ 
the  utilization  of  polyolefins  in  radiatipn  fields  and  the 

industrial  use  of  radiation  cross-linked  polymers. 

*  ) 

The  description  of  the  influence  of  orientation  on  the 
properties  of  cross-linked  system  is  given  in  the  works  [298  to 
iuG].  ,  .  .  , 

J  i  x 

Resistance  to  tear.  Investigation  of  resistance  to  tear  of 
low-density  polyethylene  by  the  ASTM-10Q4  method  [292]  showed 

I 

that  irradiation  over  the  range  of  doses  of  0-64  Mr'ad  : 
practically  does  not  change  this  characteristic. 

1 

Creep.  The  irradiation  of  polyethylene  leads  to  noticeable, 
changes  in  creep  (deformation  at  ;a  constant  load)  of  this  polymer. 
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In  Table  14  data  are  given  form  works  [148,  301]  on  the 
measurement  of  creep  of  low-density  polyethylene  irradiated  by 
y-quanta  at'25°C.  During  testing  samples  in  the  form  of  the 
disk  with  a  diameter  of  25.4  mm  and  load  of  60  kgf  were  used, 
ifrom  the  table  it  is  clear  that  during  the  irradiation  of  poly¬ 
ethylene  ev^n  up  to  very  low  irradiation  doses  creep  under  the 
action  of  applied  stress  is  lowered,  and  elastic  recovery 
increases.  ! 


Table  14.  Creep  and  the  elastic  re¬ 
covery  of  irradiated  polyethylene  of 
low  density. 


Dose  of  irradi¬ 
ation,  Mrad 

Maximum  creep 
at  30°C;  resi¬ 
lience,  cm 
cm2/dyne  x  10^ 

Deformation  of 
linear  dimen¬ 
sions  after 
compression  at 

132  C.  £  of  in¬ 
itial  thickness 

Elastic  reco¬ 
very  after 
testing  for 
creep  at  30  C 

for  lCp  s,  % 

10  s 

104  s 

11  min 

15  min 

after 
10  s 

affcer 
104  s 

0 

1.56 

2,33 

0.22 

0,12 

50,4 

69,5 

1 

1.42 

1.50 

0.30 

0,10 

78,6 

100 

5 

1,15 

1,57 

0.47 

0  37 

73.5 

79.5 

10 

0,93 

1.15 

0,50 

0,41 

71.5 

100 

20 

1,09 

1.20 

9.05 

0.61 

76,5 

100 

-10 

0.S1 

1.06 

0.78 

0.69 

85.5 

100 

G4 

o.so 

0,80* 

0.84 

0.84 

*Sample  defective. 


It  is  doubtless  that  the  increase  in  stability  of  creep 
is  ‘conditioned  by  the  cross-linking  of  polymer  chains. 

Creep  of  the  nonirradiated  and  irradiated  high-density 
polyethylene  was  investigated  at  temperatures  of  20-90°C  and  it 
was  revealed  that  the  characteristics  of  creep  depend  on  the 
dose  and  the  medium  in  which  irradiation  was  conducted  [302]. 
Samples  irradiated  in  a  vacuum  are  more  stable  to  creep,  the 
deformation  of  the  latter  diminishes  with  an  increase  in  the 
degree  of  •'cross-linking  by  the  following  law: 

C  C  (>  -tfx 

r  -if-  t 
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where  er  -  the  deformation  of  creep  of  the  irradiated  sample; 

£q  -  the  deformation  of  creep  of  the  nonirradiated  sample;  x  - 
the  degree  of  crystallinity;  a  -  the  constant  dependent  on 
temperature  and  applied  stress. 

Irradiation  in  air  barely  changes  the  stability  to  creep, 
which  is  connected  with  the  course  of  radiation-oxidative 
degradation. 

Resistance  to  cracking  under  stress  conditions.  It  is 
known  that  the  resitance  of  polyethylene  to  cracking  under  stres 
conditions  depends  on  the  peculiarities  of  the  medium  and  the 
temperature.  It  was  shown  that  the  degree  of  the  ambient  effect 
is  defined  mainly  by  the  molecular  weight  of  the  polymer  while 
the  degree  of  the  temperature  effect  -  by  Its  crystallinity. 

The  irradiation  of  any  polyethylene  leads  to  an  increase  in 
resistance  to  cracking  under  stress  conditions  (Table  15). 


Table  15.  The  resistance  of 
high-density  polyethylene  to 
cracking  under  stress  conditions. 


Material 

Irradia¬ 
tion  dose, 

Mrad 

Time  after  uhich 
5056  of  samples 
do  not  pass,  h 
■che  tests 

Alathon-10 

0 

0.3 

0.5 

0.3 

2 

1.3 

8 

>3-0  months 

DYNH 

0 

0.? 

0.5 

0.3 

2 

26 

8 

504 

32 

>3.0  months 

64 

The  same 

It  is  evident  from  Table  15  that  low-density  polyethylene  of 
various  brands  after  irradiation  up  to  doses  of  8  Mrac  and 
higher  does  not  crack.  The  resistance  of  high-density  polyethy¬ 
lene  to  cracking  also  can  be  increased  with  the  help  of  irradiation 
the  irradition  dose  necessary  for  this  depends  on  molecular 
weight  and  the  degree  of  crystallinity  of  the  polymer.  For  the 
majority  of  industrial  brands  of  polyethylene  an  Irradiation  dose 
of  4-6  Mrad  is  required.  The  increase  in  resistance  to  cracking 
under  stress  conditions  as  a  result  of  irradiation  is  connected 
with  the  increase  in  the  average  molecular  weight  as  a  result  of 
the  cross-linking  of  polymer  chains. 

Dynamic  physi comechani cal  properites.  The  dynamic  physieo- 
mechanical  properties  of  polymer,  measured  with  the  application 
of  sinusoidally  changing  stress,  depend  on  molecular  weight, 
the  degree  of  branching,  content  of  cyrstalline  phase,  density 
of  cross-linkages,  and  orientation  of  the  molecules. 

This  method  is  used  in  experiments  with  Irradiated  polyethy¬ 
lene.  In  work  [304]  there  is  a  report  on  the  temperature  effect 
on  the  dynamic  modulus  of  samples  of  polyethylene  irradiated  in 
a  reactor  up  to  various  doses.  With  low  temperatures  the 
modulus  diminishes  with  an  increase  in  the  irradiation  dose 
until  2-6?  of  cross-linkages  are  formed,  and  then  it  begins  to 
increase.  These  data  are  confirmed  in  work  [303].  With  a  cross- 
linakge  content  up  to  10?  only  insignificant  changes  are 
observed  [309]  in  dynamic  modulus,  but  with  a  further  increase 
in  the  content  of  cross-linkages  it  begins  to  increase. 

Differences  in  the  results  of  works  [303]  and  [309]  are  connected 
with  the  fact  that  temperature  during  the  irradiation  was 
different:  75  and  40°C  respectively. 

The  increase  in  dynamic  modulus  with  the  increase  in 
irradiation  dose  is  conditioned  by  the  cross-linking  of  the 
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polymer.  Although  the  iegree  of  crystallinity  diminishes  with 
an  increase  in  the  irradiation  dose,  and  this  has  to  be  expressed 
on  the  value  of  the  modulus,  the  formation  of  primary  valence 
bond  facilitates  an  increase  in  modulus  and  compensates  for  the 
decrease  in  the  degree  of  crystallinity.  In  later  works  the 
influence  of  irradiation  on  extinction  in  polyethylene  of  low 
[306]  and  hign  [307,  308]  density  was  studied.  It  is  noticed 
that  the  dynamic  physicomechanical  properties  of  polyethylene 
in  the  range  of  small  doses  practically  do  not  change. 

Solubility  and  swelling,  roiyolefins,  including  polyethy¬ 
lene,  are  soluble  in  various  hot  organic  solvents  (aromatic 
hydrocarbons,  chlorinated  aromatic  hydrocarbons,  etc.).  As  a 

result  of  irradiation  their 
solubility  is  lowered.  After 
irradiation  up  to  doses  which 
exceed  the  gel  point  the  polymer 
is  completely  insoluble.  The 
three-dimensional  network  formed 
as  a  result  of  irradiation  pre¬ 
vents  the  dissolution  of  polymer, 
and  it  can  only  be  limited  by 
swell,  whereupon  to  a  lesser 
degree,  the  higher  the  irradiation 
dose  and  therefore  the  density 
of  cross-linkages.  As  can  be 
seen  from  Fig.  18,  with  an  increase  in  the  irradiation  dose 
swelling  diminishes.  This  dependence  as  noted  above,  can  be 
used  for  determination  of  the  degree  of  cross-linking  in  polymers. 

In  work  [311]  the  swelling  of  irradiated  polyethylene  is 
studied  in  the  vapors  of  organic  solvents  depending  on  dose  and 
the  conditions  of  irradiation,  and  also  on  temperature.  In  this 
case  basically  the  same  regularity  is  valid  as  during  swelling 
in  a  liquid. 


Fig.  18.  The  dependence 
of  the  volume trie  coef¬ 
ficient  of  swelling  of 
polyethylene  on  irradia¬ 
tion  dose. 


Thermal  conductivity.  The  temperature  dependence  of  thermal 
conductivity  was  investigated  for  irradiated  polyethylene  over 
the  range  of  temperatures  of  0-170°C  at  doses  up  to  3100  Mrad, 
and  a  nonmonotonic  course  of  this  dependence  was  revealed  [310]. 

The  limiting  value  of  thermal  conductivity  at  temperatures  above 
100°C  for  low-density  polyethylene  is  equal  to 

_2j 

5-5*10  cal/(em*s*deg) ,  and  for  high-density  polyethylene  - 
5.8*10”^  cal/(cm*s *deg) .  The  nature  of  change  in  the  coefficient 
of  thermal  conductivity  depending  on  the  irradiation  dose  is 
different  for  different  temperature  ranges.  At  20°C  thermal 
conductivity  is  lowered  monotonically  with  an  increase  of 
dose,  at  150°C  with  an  increase  in  dose  thermal  conductivity 
is  increased,  reaching  a  certain  limit. 

The  influence  was  investigated  of  neutron  and  y-irradiation 
at  20°C  on  the  coefficient  of  thermal  conductivity  of  polyethy¬ 
lene  of  high  and  low  density,  caprone,  polymethyl  methacrylate, 
polystyrene,  and  some  styrene  copolymers  [312,  313]*  It  has 
been  shown  that  the  coefficient  of  thermal  conductivity  for 
polyethylene,  caprone,  and  polymethyl  methacrylate  decreases, 
but  for  polystyrene  and  its  copolymers  it  increases.  The 
thermal  conductivity  and  other  thermophysical  parameters  of 
irradiated  polyethylene  depending  on  temperature  were  also 
investigated  [31^3-  The  authors  used  the  method  of  routine 
thermal  mode.  The  values  obtained  for  the  coefficients  of  thermal 
conductivity  A,  thermal  diffusivity  a,  and  specific  thermal 
resistance  p  for  cylindrical  samples  of  polyethylene  with  a  radial 
thickness  of  2.3  nun  are  given  in  Table  16. 

Thermostability.  In  work  [2M]  the  method  of  thermogravimetric 
analysis  was  used  to  investigate  the  influence  of  irradiation 
in  air  and  in  a  vacuum  at  room  temperature  on  the  thermal  and 
oxidative  degradation  of  polyethylene  (Marlex-50,  molecular 
weight  520,000).  It  has  been  revealed  that  irradiated  linear 
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polyethylene,  independent  of  the  conditions  of  irradiation, 
possesses  less  thermostability  than  nonirradiated  and  behaves 
approximately  the  same  as  strongly  branched  low-density  polyethy¬ 
lene  . 


Table  16.  The  change  of  thermophysi¬ 
cal  parameters  of  irradiated  and  non¬ 
irradiated  low-density  polyethylene 
depending  on  temperature. 


Polyethylene 

fenper- 
ature , 
°C 

>.  to--4 

W/(deg-cm) 

a.  lCT’* 
cm2/  s 

p.  10~* 

O^cm 

Nonirradiated 

115 

6.15 

3,07 

!  6.2 

120 

6,72 

3.35 

14.8 

125 

6,81 

3.-11 

14,6 

Irradiated  in  a 

125 

3,29 

1.61 

30,2 

dose  of  120  Mrad 

150 

4.74 

2.36 

21,0 

in  argon  (y- 

200 

8,73 

4,35 

11.5 

radiation) 

250 

45,10 

22,50 

.  2,2 

A  thorough  analysis  of  the  curves  of  differential  thermo- 
gravimetric  analysis  showed  that  polyethylene  irradiat'd  both 

in  a  vacuum  and  in  air  is  more  subject  to  oxidative  degradation 
than  nonirradiated.  However  the  losses  of  weight  as  a  result  of 

oxidative  degradation  of  polethylene  irradiated  in  a  vacuum,  are 
greater  than  that  irradiated  in  air.  This  can  be  attributed  to 
difference  in  the  content  of  tertiary  atoms  of  carbon. 

vtfith  an  increase  in  the  dose  of  irradiation  the  thermo¬ 
stability  of  polethylene  deteriorates. 

Rheological  characteristics.  The  melt  index.  In  polyolefins 
which  are  predominatly  cross-linked  during  irradiation  with 
an  increase  in  irradiation  dose  the  molecular  weight  increases 
and  this  is  manifested  in  an  increase  in  the  viscosity  of  fusion 
(the  melt  index).  In  Table  17  the  change  in  the  melt  Index 
is  given  [292]  which  was  measured  for  various  types  of  low- 
density  polethylene  depending  on  the  absorbed  dose.  An  analogous 
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regularity  is  also  valid  for  high-density  polethylene  [315>  316] 
(Table  18).  The  rate  of  shear  increases  with  an  increase  in 
shearing  force. 


Table  17.  The  dependence  of  the  melt 
index  of  low-density  polyethylene  on 
the  irradiation  dose  [292]. 


Melt  Index*,  g/10  min 


Dose  of 

irradiation 

DYNH 

with 

antioxi¬ 

dant 

Alathon- 

10 

Mrad 

I90°c 

2670  c 

190°C 

1900c 

0 

i.ir. 

9.77 

2.10 

2,25 

0,5 

1.02 

5.93 

1 ,50  | 

1.56 

2 

0.3 

1.14 

0.30  | 

0.23 

32 

Does  not 
flow 

Does  not 
flow 

•The  melt  index  was  determined  according  to 
A3TM  D-1238 


Table  18.  The  dependence  of  the  melt 
index  irradiation  dose  at  190°C  for 
linear  polyethylene  [315]. 


Irradia¬ 

tion 

dose. 

Mrad 

Melt  index*, 
g/10  min 

Irradia¬ 

tion 

dose, 

Mrad 

Melt  index*, 
g/10  min 

Orex 

Forti- 

flex 

Grex 

Forti- 

flex 

0 

4,20 

5,22 

1,32 

1.88 

2,01 

0.22 

3,92 

4,55 

1,76 

1.21 

1.43 

0,44 

3.29 

3.77 

2.20 

1.00 

0.82 

0,05 

2,80 

3,22 

3.03 

0  35 

n,  13 

0,88 

2.39 

2,92 

•The  melt  index  determined  according  to 

astm  r-1238 


In  work  [222]  an  investigation  is  made  of  the  influence 
of  small  irradiation  doses  (up  to  1  Mrad)  on  the  rheological 
properties  of  linear  polyethylene  and  a  copolymer  of  ethylene 
with  propylene.  It  turned  out  that  irradiation  has  little  in¬ 
fluence  on  thermal  stability,  tensile  strength,  flow  limit,  etc. 
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The  authors  proposed  to  use  polyethylene  irradiated  up  to  small 
doses  for  conversion  into  products,  because  such  irradiation 
still  does  not  influence  the  viscosity  of  the  melt  at  high  shear 
rates  (i.e.,  under  conditions  of  conversion),  but  it  facilitates 
an  increase  in  the  stability  of  form  of  the  extruded  products. 

Table  19  contains  reference  data  on  the  influence  of 
radiation  on  the  j  hysicomechanical  properties  of  polyethylene  at 
high  density  and  a  copolymer  of  ethylene  with  propylene. 

Prom  the  information  given  it  is  evident  that  irradiation 
up  to  small  doses  substantially  changes  the  rheological  character¬ 
istics  of  polyethylene  while  heat  resistance  and  strength  are  not 
noticeably  changed.  The  lowering  in  elongation  during  breaking 
already  is  completely  perceptible,  and  flexibility  and  impact 
strength  improve  somewhat . 

Analogous  investigations,  but  already  in  a  significant 
range  of  doses  (up  to  75  Mrad),  have  been  carried  out  in  work 
[317]'  The  composite  results  obtained  for  high-density  polyethy¬ 
lene  are  given  in  Table  20. 

The  analysis  of  the  data  shows  that  the  change  in  the 
viscosity  of  the  melt  during  irradiation  is  greater,  the  less 
the  original  value  of  the  melt  index  (and  the  greater  the 
molecular  weight).  The  softening  temperature  (according  to  Vicat) 
during  irradiation  up  to  a  dose  of  75  Mrad  increases  on  the  average 
by  10°C,  whereas  this  characteristic  does  not  really  reflect 
the  changes  in  the  properties  of  the  material  (see  thermomechanical 
characteristics),  since  at  temperatues  exceeding  the  melting  point 
irradiated  polyethylene  does  not  flow,  and  its  properties  call 
more  to  mind  pliable  rubber  than  molten  polyethylene  [318]. 
Resistance  to  tension  cracking  under  the  action  of  surface-active 
compounds  increases  strongly  after  irradiation  to  a  dose  of  a 
total  of  5-10  Mrad. 


Table  19*  The  -influence  of  radiation  on  the  physicomechanical 
properties  of  high-density  polyethylene  and  a  copolymer  of  ethy¬ 
lene  with  propylene. 


Table  20.  The  change  in  rheological  and  physicomechanical 
characteristics  of  high-density  polyethylene  during  irradiation 
up  to  small  doses. 


Sample 

Irradiation 

dose,  Mrad 

Melt  index, 

g/10  min 
{ load  10  kg) 

-W  B 
vi  o 
.  \ 
to 
-u 

■H 

w  o 
c  O 

£  K 

Softening 
temperature 
in  the  Vieat 
test,  °C 

-W> 

c 

O 

aih 

T3  § 

*“»  \ 

Q> 

5  1? 

Tear  resis¬ 
tance  , 
kgf/cm^ 

Relative 

elongation, 

% 

Impact 
viscosity, 
kgf/ s 

Number  of 
bends  up  to 
rupture 

Resistance 
to  tension 
cracking 
(in  Igepol)* 
hr 

i 

0 

0,25 

0,91(7 

113 

243 

315 

740 

63,8 

21.7 

2 

0,010 

0.9107 

117 

245 

342 

750 

59,5 

492 

o 

0,001 

0,9-176 

112,5 

257 

310 

740 

53,4 

10 

0,001 

0.917G 

116,5 

245  , 

314 

680 

76,5 

>2000 

'27 > 

0,001 

0,9476 

118 

258  1 

246 

330 

125 

>2000 

so 

0,001 

0.9-17-1 

113,5 

,255 

oOO 

200 

103 

- . 

ro 

0,001 

0,918-1 

120 

257 

318 

170 

91 

!! 

0 

2.6 

0.9478 

109 

2G0 

153 

300 

18.1 

2240 

22 

O 

0,29 

0,9178 

108 

264 

157 

550 

17 

744 

57 

5 

0,25 

0,9-184 

108 

200 

155 

560 

18.1 

705 

495 

10 

0,001 

0,9184 

112 

202 

155 

530 

21,4 

(1090) 

>2000 

25 

0,001 

0,9-178 

114 

264 

208 

•230 

123 

462 

>2000 

so 

0.001 

0,9-102 

115 

264 

320 

230 

101 

19 

- . 

75 

0,001 

0.9487 

119 

273 

306 

200 

98 

22 

— 

Ill 

0 

35,0 

0,9197 

102 

266 

140 

180 

71,5 

0 

2 

6.7 

0.9197 

102,5 

256 

140 

140 

7,7 

— 

5 

0,31 

0,9501 

105 

264 

144 

130 

7,7 

22 

10 

0,001 

0,9501 

100 

255 

If  4 

130 

8,8 

334 

25 

0.001 

0,9-193 

111 

.264 

184 

230 

33 

>2000 

SO 

0,001 

0,9489 

115 

263 

234 

170 

114 

- - 

75 

0,001 

0,9489 

114 

269 

283 

270 

108 

— 

* [Translator ' s  note:  Igepol  is  transliterated  from  the  Russian]. 
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Friction  properties  of  polymers.  In  [ 319 J  a  study  is  made 
of  the  dependence  on  dose  of  the  friction  coefficient  p  and  the 
value  s/p,  where  s  -  resistance  to  shear,  p  -  the  fluidity  of 
linear  polymers  irradiated  by  Co^°  y-radiation  and  it  has  been 
established  that  with  an  increase  in  the  absorbed  dose  for  the 
polymers  being  cross-linked,  for  example  polyamid  and  high- 
density  polyethylene,  p  increases  by  two  and  four  times  respectively 
while  for  low-density  polyethylene  p  diminishes  by  two  times  as 
compared  with  the  initial;  for  degrading  fluorine-containing 
hydrocarbons  the  increase  of  p  is  less  than  for  cross-linked. 

In  another  work  [198]  an  investigation  is  made  of  the 
influence  of  various  factors  on  the  coefficient  of  friction  and 
the  wear  of  some  irradiated  polymeric  materials  (measurements 
were  conducted  at  different  temperatures)  and  it  was  revealed  that 
with  an  increase  in  irradiation  dose  (up  to  2.5*10^  rads)  and 
an  increase  in  the  degree  of  cross-linking  wear  is  increased, 
whereupon  the  coefficient  of  wear  is  proportional  to  the 
irradiation  dose  if  the  dose  exceeds  a  certain  critical  value. 
Apparently  the  degree  of  wear  is  connected  with  an  increase  in 
the  brittleness  of  irradiated  polymers  and  is  determined  by 
the  surface  temperature  of  the  polymer  during  friction. 

Diffusion  characteristics.  Permeability.  Structural-chemical 
changes  in  polymer  systems  caused  by  the  effect  of  radiation  give 
rise  to  a  change  in  water  vapor  and  gas  permeability  of  the 
polymer.  During  the  investigations  [320-322]  it  was  revealed 
that  there  was  a  lowering  in  the  permeability  factor  P  and  the 
activation  energy  of  permeability  E  of  polyethylene  for  various 
gases,  vapors,  and  organic  liquids  at  doses  on  the  order  of 
20-100  Mrad. 

An  increase  in  the  solubility  of  He,  N2,  CH^,  and  C^Hg  in 
low-density  polyethylene  during  irradiation  in  air  has  been  re¬ 
vealed  in  work  [323]. 


An  investigation  was  made  of  the  influence  of  ionizing 
radiations  on  the  moisture  permeabili ry  of  polyethylene  irradiated 
in  air  over  the  range  of  doses  of  50-300  Mrad  l32k,  325].  It 
was  established  that  with  a  change  in  the  irradiation  dose  by  6 
times  the  diffusion  coefficient  is  reduced  oy  three  times,  the 
permeability  factor  increases  by  almost  10,  and  the  solubility 
coefficient  -  by  25  times. 

The  presence  of  a  correlation  between  the  increase  in  the 
coefficient  of  permeability  and  the  value  tg  5  of  the  samples 
of  polyethylene  irradiated  in  air  (taking  into  account  the  known 
mechanism  of  radiochemicc.l  processes  which  flow  in  this 
polymer  during  irradiation)  made  it  possible  to  explain  the  result 
obtained  by  an  increase  in  the  content  of  polar  groups  in  the 
material  and  respectively  by  the  increase  in  the  solubility  of 
moisture  in  the  sample.  Direct  experiments  on  the  irradiation 
of  polyethylene  in  a  vacuum  confirmed  these  assumptions  [236]. 

The  change  in  the  permeability  of  polyethylene  as  a 
result  of  irradiation  for  the  vapors  of  organic  liquids, 
especially  benzene,  is  described  in  works  [311,  327]. 

Freeze  resistance.  The  influence  of  irradiation  on  the 
elasticity  of  polyethylene  at  low  temperatures  has  not  been 
studied  in  detail.  In  works  [292,  296]  it  was  reported  that 
the  freeze  resistance  of  lov'-density  polyethylene  is  practically 
unchanged  during  irradiation.  Since  this  value  depends  on 
molecular  weight,  in  the  case  of  small  irradiation  doses  of 
10-100  Mrad  this  property  can  even  be  somewhat  improved.  These 
data  have  been  confirmed  in  work  [251].  However,  as  shown  in 
work  [328],  at  doses  greater  than  1000  Mrad,  when  crystallinity  is 
already  disrupted,  the  lew-temperature  properties  of  polyethylene 
deteriorate  and  the  polymer  becomes  brittle  even  at  room  tempera¬ 
ture  . 
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Atmospheric  aging.  During  irradiation  the  structure  of 
polyethylene  is  changed:  in  the  molecules  of  polymer  non¬ 
saturation  emerges  and  polar  groups  are  formed,  for  example 
carbonyl,  hydro xylic,  etc.  It  would  seem  that  irradiated  poly¬ 
ethylene  should  be  less  weather  resistant  than  nonirradiated . 
However,  it  has  been  established  that  the  weather  resistance  of 
polyethylene  afcer  irradiation  even  improves  somewhat  especially 
with  the  introduction  of  r*  small  addition  of  soot.  The  samples  of 
polyethylene  irradiated  up  to  comparatively  small  doses,  and 
which  contained  finely  dispersed  soot,  possess  better  weather 
resistance  than  nonirradiated.  Following  irradiation  up  to 
significant  doses  weather  resistance  deteriorates.  Thus  an 
increase  in  molecular  weight,  which  is  the  result  of  radiation 
cross-linking,  covers  the  certain  ill  effect  conditioned  by  the 
accumulation  of  no^atara^  >n  and  of  polar  groups  in  the 
material 

Thermal  aging.  In  the  preceding  sections  it  was  noted  that 
irradiated  polyethylene  possesses  form  stability  at  temperatures 
exceeding  the  melting  point  and  therefore  the  upper  limit  of  the 
temperature  range  of  its  efficiency  is  the  temperature  of  thermal 
decomposition.  However,  as  it  was  already  said,  in  air  at  elevated 
temperature  irradiated  polyethylene  is  oxidized,  pr  cesses  of 
degradation  and  structuration  occur,  and  these  chang  ;s  in  the 
structure  of  the  material  find  reflection  in  changes  i‘  Its 
properties,  primarily  in  the  physicomechanical  characterist ics . 

The  most  -important,  and  sensitive  to  aging,  characteristic  of 
polyethylene  is  its  elasticity,  which  can  be  evaluated  according 
to  the  magnitude  of  relative  elongation. 


The  study  of  this  characteristic  of  irradiated  polyethylene 
during  aging  for  the  evaluation  of  the  possibilities  of  Its 
practical  utilization,  for  example  a.,  electrical  insulation 
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(including  cable  products),  has  been  treated  in  the  works  of  both 
Soviet  and  fore:’  <cn  authors  [29o>  329-332].  The  results  obtained 
showed  that  polyethylene  containing  up  to  0.2$  of  standard 
stabilizer  (for  protection  of  the  polymer  from  oxidation  during 
technical  processing,  but  not  during  prolonged  exploitation 
at  increased  temperature),  irradiated  up  to  the  optimal  dose, 
preserves  its  efficiency  in  air  at  200-250°C  for  several  hours, 
at  150°C  -  several  dozen  hours,  and  at  110°C  -  several  hundred 
hours.  The  duration  of  operation  at  the  indicated  temperatures 
is  limited  by  a  sharp  reduction  in  elasticity  and  by  an  increase 
in  the  brittleness  of  the  material,  which  is  •  onnected  with  pro¬ 
cesses  of  oxidation  which  flow  very  rapi  ,  y  at  elevated  tempera¬ 
tures.  At  the  same  time  the  prolonged  s'-v  of  irradiated 
polyethylene  at  sufficiently  high  tempera*  ires  (250-300°C)  in  an 
oxygen-free  atmosphere  does  not  deteriorate  its  operating 
characteristics. 

Therefore  it  is  possible  to  increase  the  permissible  duration 
of  exploitation  of  irradiated  polyethylene  in  the  presence  of 
air  at  increased  temperatures  in  two  ways:  either  by  external 
(the  utilization  of  protective  sheaths,  exploitation  in  a 
neutral  atmosphere)  or  internal  (the  utilization  of  stabilizers 
'which  inhibit  the  oxidation  process)  protection.  The  first 
path  is  apparently  sufficiently  effective,  but  has  been  used 
far  from  ir  all  cases.1  The  second  path,  while  on  the  whole  less 
effective,  has  a  more  universal  application. 

In  this  connection  the  authors  developed  [ 2^4 9 j  methods  for 
the  thermal  stabilization  of  irradiated  polyethylene  which  made 


*As  the  ext-  v>nal  protection  of  irradiated  polyethylene  at 
increased  tempera,,  rs  (150-175°C)  they  sometimes  use  a  covering 
made  from  synthet.  •;  resins,  especially  polyester  and  phenol- 
formaldehyde.  Tne  resins  are  applied  on  the  surface  of  the  pro¬ 
duct  from  solution,  whereupon  after  removal  of  solvent  on  the 
surface  of  the  product  there  remains  a  fine  film  with  a  thickness 
of  G. 012-0. 25  mm  which  possesses  high  adhesion  to  irradiated 
polyethylene  [  33*4  3  - 
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it  possible  to  realize  the  potential  possiblities  of  this 
material  during  exploitation..  ■  :  . 

*  i  , 

In  wo~ks  [2^7,  293,  333]  a  study  was  made  of  the  stabilization 
effect  of  a  wide  circle  of  chemical  eompouhds  and  combinations  of 
them  in  different  proportions ‘and  on  the  basis  of  an  analysis  of 
changes  in  thermomechanical  characteristics  and  strength  pro¬ 
perties  of  irradiated  compositions  of  polyethylene  with  different 
additives  it  was  established  that  it  is  possible  to  substantially  . 
increase  the  duration  of  use  of  irradiated  polyethylene  at 
increased  temperatures.  !  : 


Figure  19  shows  the  .dependence  of  relative  elongation  of 
irradiated  (ICO  Mrad,  in  helium)  samples  of  polyethylene  with 
a  standard  stabilizer  (control)  and  compositions  of  it  with 
single  and  combined  additives  on  the  time  of  stay  in  air  at 
increased  temperatures. 


Fig.  19.  The  dependence  of  relative  elongation  of 
irradiated  samples  of  cable  -polyethylene  and  com¬ 
positions  of  it  with  single  and  combined  additives 
on  the  time  of  stay  in  air  at  150°C  a)  and  200°C  b): 
1  -  cable  polyethylene;  2  -  composition  with  single 
additive,  10  parts  by  weight;  3  -  composition  with 
combined  additive,  9  parts  by  weight. 

.CEY:  (1)  Relative  elongation,  %;  (2)  Holding  time, 
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:  If  as  the  criterion  of  the  loss  of  elasticity  we  accept  the 

lowering  in  relative  elongation  during  thermal  aging  in  air  up 
to  100%,  then  the  efficiency  of  irradiated  polyethylene  with  a 
standard  stabilizer  comprises  about  150  hours  at  150°C  and  at 
200°C  -  several  hours.  The  addition  to  polyethylene  prior  to 
irradiation  of  single  stabilizing  additives  increases  its 
efficiency  at  150cC  up  to  1000-1500  hours,  and  at  200°C  -  up 
to  30-40  hours.  The  utilization  of  the  most  effective  combined 
additives  increases  the  efficiency  of  polyethylene  in  air  at 
150°C<  to  7000--I0 ,C00  hours  and  at  200°C  -  to  150-200  hours. 

t 

It  is  natural  that  the  possibility  of  prolonged  exploitation 
'of  irradiated  polyethylene  in  the  air  at  increased  temperatures 
considerably  expands  the  prospects  of  utilization  of  this 
material. 

,  Figures  20  and  21  show  the  change  in  the  value  of  equilibrium 
deformation  of  irradiated  polyethylene  during  vhermomechanical 
tests  during  prolonged  aging  in  air  and  in  an  atmosphere  of  nitrogen 
correspondingly . 


Fig.  20.  The  dependence  of  the  value  of 
equilibrium  deformation  of  samples  of  poly¬ 
ethylene  irradiated  in  nitrogen  (100  Mrad) 
during  thermomechanical  testing  under  a 
load  of  1  kgf  on  the  duration  of  stay  in 
tne  air  at  150°C:  1  -  cable  polyethylene; 

2  -  composition  of  cable  polyethylene  with 
single  additive,  10  parts  by  weight;  3,  4  - 
compositions  of  cable  polyethylene  with 
combined  additives,  5  parts  by  weight. 

KEY:  (1)  Deformation,  mm. 

Designation:  v  =  hour. 


Fig.  21.  The  dependence  of  the  value  of 
equlibrium  deformation  during  thermomechan¬ 
ical  testing  under  a  load  of  0.5  kgf  of  the 
samples  of  cables  with  irradiated  polyethy¬ 
lene  1  -  and  alkatene*  2  -  insulation  with 
a  radial  thickness  of  0.4-0. 5  mm  on  the  time 
of  stay  in  an  atmosphere  of  nitrogen  at 
250°C. 

KEY:  (1)  Deformation,  mm. 

Designation:  *  =  hour. 

*[Translator' s  note:  transliterated  from 
cyrillic ] . 


A  comparison  of  the  curves  in  Figs.  20  and  21  shows  that  the 
use  of  an  effective  combined  system  of  heat  stabilizers  seemingly 
placed  irradiated  polyethylene  which  was  subjected  to  thermal 
aging  in  the  air  in  conditions  close  to  aging  in  an  atmosphere 
of  a  neutral  gas. 


Electrophysical  characteristics.1  Since  polyethylene  is 
used  very  widely  as  an  electrical  insulating  material,  for  example 
for  wires  and  cables,  there  is  significant  interest  in  the 
dependence  of  its  dielectric  properties  on  conditions  and  dose 
of  irradiation. 


Investigations  In  this  field  are  covered  In  a  significant 
quantity  of  works  of  both  foreign  and  Soviet  scientists. 


Thus  in  work  [3353  the  interesting  relationship  which  joins 
the  mechanical  and  electrical  strength  (under  direct  voltage) 
of  polyethylene  was  established.  The  electrical  strength  of 
nonirradiated  polyethylene  decreases  monotonicalJy  with  an 

‘Here  the  irreversible  changes  observed  after  irradiation  are 
mainly  examined.  Th_-  reversible  effects  and  their  influence  are 
described  in  Section  2  of  this  chapter. 
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increase  in  temperature  up  to  the  melting  point.  The  curve  of 
dependence  of  electrical  strength  of  irradiated  polyethylene  calls 
to  mind  the  form  of  the  curve  of  dependence  of  the  modulus  of 
elasticity  on  temperature.  Moreover  it  is  characteristic  that 
the  value  of  electrical  strength  diminishes  in  proportion  to  the 
temperature  increase  until  all  the  crystallites  are  fused,  and 
then  it  remains  approximately  constant.  For  the  explanation  of  the 
resulting  regularity  an  assumption  was  made  that  polyethylene  breaks 
down  as  a  result  of  mechanical  reasons,  and  the  electric  field 
causes  only  the  compression  of  polyethylene  to  a  certain  extent 
dependent  on  the  modulus  of  elasticity. 

The  results  of  the  study  of  the  temprature  dependence  of 
specific  resistance  and  the  disruptive  strength  of  polyethylene 
irradiated  over  the  range  of  doses  of  50-^00  Mrad  at  temperatures 
from  room  to  i400°C  [336]  are  given  in  Figs.  22  and  23.  Dependence 
Ig  R  =  f(t)  is  adaquately  approximated  by  a  straight  line,  where- 
upon  at  300°C  specific  resistance  comprises  '',5*10°  H*m.  The 

electrical  strength  of  nonirradi- 
ated  polyethylene  is  sharply 
lowered  with  an  increase  of 
temperature-  The  irradiation  of 
polyethylene  insulation  substan¬ 
tially  changes  the  nature  of  the 
temperature  dependence  of  disruptive 
strength:  it  becomes  considerably 
ess  sharp,  whereupon  decay  is 
less,  the  higher  the  irradiation 
dose.  The  absolute  values  of 
disruptive  strength  even  at  300  to 
i:00°c  are  sufficiently  great. 

The  dependence  of  the  di¬ 
electric  characteristics  of  polyethylene  both  during  and  after 
irradiation  by  y-radiation  and  accelerated  electrons  over  a 


Fig.  22.  The  dependence  of 
the  specific  resistance  of 
irradiated  polyethylene  in¬ 
sulation  on  temperature. 
Designation:  om*m  =  Si*m. 
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wide  range  of  frequencies  and  temperatures  is  described  in 
works  [332-342]. 

In  a  previous  stage  a  study  was  made  of  the  influence  of  the 

braking  radiation  of  a  betatron  with  an  energy  of  15  MeV  after 

5 

irradiation  up  to  10  rad  (dose 
rate  of  500  rad/min)  on  the 
dielectric  properties  of  poly¬ 
ethylene.  It  was  established 
that  e,  tg  6,  pv  over  a  wide 
range  of  frequencies  at  tem¬ 
peratures  of  -70  to  +70°C,  and 
also  under  conditions  simulat¬ 
ing  tropical  (temperature  of 
+40°C,  relative  humidity  98$), 

are  practically  unchanged  Pig.  23.  The  dependence  of  the 

(Pig.  24).  The  insignificant  disruptive  strength  of  poly¬ 

ethylene  insulation  (thickness 
difference  in  the  value  of  0.4-0. 5  mm)  on  temperature  and 

tg  6  in  the  range  of  low  fre-  irradiation  dose:  1  —  non— 

irradiated;  2-46  Mrad;  3  - 

quencies  during  irradiation  200  Mrad;  4  -  400  Mrad. 

under  "tropical"  conditions  Designation:  kb  =  kV. 

is  apparently  connected  with 

the  interaction  between  the  products  of  the  radiolysis  of  water 
and  the  free  radicals  formed  during  the  irradiation  of  polymers. 
Reversible  effects  in  these  experiments  could  not  be  revealed 
because  the  measurements  were  made  1-3  hours  after  the  stopping 
irradiation. 

A  study  of  the  same  characteristics  directly  in  the  radiation 
field  (at  a  dose  rate  of  670  rad/min)  showed  that  tg  6  at  the 
moment  of  irradiation  increases  quite  sharply,  but  practically 
does  not  depend  on  the  absorbed  dose  and  is  instantly  restored  to 
the  original  values  after  the  termination  of  irradiation.  The 

degree  of  influence  of  y-radiation  on  the  change  of  tg  6  sub¬ 
stantially  depends  on  the  temperature  conditions  during  the 
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irradiation;  the  increase  of  tg  <S  is  greater,  the  lower  the 
temperature  of  the  sample  during  irradiation: 


Temperature,  °C 

-70 

+20 

+40 

+70 

Increase  of  tg  6 ,  %  (as  100%  the 
value  of  tg  6  prior  to  irradia¬ 
tion  is  accepted) 

240 

41.5 

16 

6-7 

The  dependence  of  tg  o  on  the  dose  rate  is  subordinated  to 
the  law 


tgooolgS#-/*, 


where  tg  6  -  the  value  measured  in  the  irradiation  field;  tg  6Q  - 
the  value  measured  prior  to  irradiation;  I  -  the  dose  rate  of 
irradiation;  a  -  coefficient  equal  to  0.05-0.02. 


Fig.  24.  The  dependence  of  tg  6 
of  unstabilized  polyethylene  on 
frequency  at  various  doses  of 
ele  ron  irradiation  in  air  (limit¬ 
ed  access):  1  -  nonirradiatea; 
2-10  Mrad;  3-20  Mrad;  4  - 
40  Mrad. 


The  results  of  the  study  of  the  influence  of  neutron 

■j  O  p 

(2*10  neutron/cm  )  and  electron  (40  Mrad)  irradiation  on  the 
dielectric  characteristics  of  polyethylene  of  low  and  high  density 
are  given  very  comprehensively  in  work  [342].  The  analysis  of 
the  data  confirms  that  the  increase  in  the  value  of  tg  6  with 
an  increase  of  irradiation  dose  is  conditioned  by  the  process 
of  radiation  oxidation. 


A  study  was  made  of  the  influence  cf  Ionizing  radiation  on 
the  electrical  ; :  jperties  of  fine  films  made  from  high-density 
polyethylene  [343].  It  was  established  that  the  tg  6  of 
polyethylene  (at  a  frequency  of  1  MHz)  in  the  initial  state 
depends  weakly  on  temperature  over  the  range  of  20-l40°C,  however, 
with  an  increase  in  the  irradiation  dose  its  absolute  value 
increases  and  the  temperature  dependence  becomes  more  acute. 

The  results  of  the  investigation  of  the  dependence  of 
electrical  strength  on  temperature  at  various  doses  of  irradiation 
confirmed  the  conclusions  made  in  work  [336]. 

The  volume  resistivity  of  irradiated  (0-300  Mrad)  films  made 
from  high-density  polethylene  is  changed  nonmonotonicaliy  with 
an  increase  of  temperature  and  in  the  Interval  of  90-120°C 
a  minimum  is  ooserved,  the  value  of  which  is  greater  the  higher 
the  exposure  dose.  It  is  characteristic  that  for  samples  which 
after  irradiation  are  subjected  to  heating  at  140°C  for  5  min 
there  are  no  such  minima.  Such  a  one-time  surge  of  electrical 
conductivity  into  the  area  of  temperatures  close  to  the  melting 
of  crystals  can  be  connected  with  the  release  of  the  charge 
carriers  from  the  traps  where  they  were  trapped  in  the  process 
of  irradiation. 

A  study  of  the  electrical  resistance  of  irradiated 

polyethylene  in  water  under  the  joint  Influence  of  temperature 

2 

(up  to  250°C)  and  pressure  (up  to  1200  kgf/cm  )  has  been  carried 
out  in  work  [344]. 

In  this  case  it  was  established  that  the  insulation 
resistance  remains  above  1.5  10^  ft*cm  under  the  joint  influence 
of  a  temperature  of  170-l80°C  and  pressure  greater  than 
1000  kgf/cm^. 
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dome  data  on  the  change  in  the  dielectric  properties  of 
polyetnylene  depending  on  the  conditions  of  irradiation  and  dose 
are  given  in  works  [31 I,  3^5J  and  confirm  the  regularities  given 
above . 

The  properties  of  polyethylene  irradiated  in  the  presence 
of  sensitizers  of  radiation  cross-linking.  In  work  [273]  a  study 
is  made  cf  the  influence  of  sensitizers  (allyl  methacrylate , 
divinylbcnzene ,  diallyl  malleate)  on  the  physicomechanieal  and 
elo europhysical  properties  of  irradiated  polyethylene  of  low 
(Marlex  1762)  and  high  (Marlex  6009)  density. 

In  the  case  of  the  irradiation  of  polyethylene  with  an 
additive  of  a  pclyfur.ctional  monomer  in  a  dose  of  8  Mrad  a  higher 
value  of  strength  at  break  (350  kgf/cm  )  is  attained  than  during 
the  irradiation  of  polyethylene  without  the  monomer  up  to  a  dose 
of  6*}  Mrad  (250-290  kgf/cm2).  The  strength  characteristics  of 
polyethylene  at  room  temperature,  as  also  at  temperatures 
higher  than  the  melting  point,  also  prove  to  be  significantly 
higher  if  irradiation  is  conducted  in  the  presence  of  a  poly¬ 
functional  monomer  .  The  strength  of  low-density  polyethylene 

2 

at  a  temperature  of  115°C  comprises  ^20  kgf/cm  ,  if  it  has  been 

irradiated  in  the  presence -of  allyl  methacrylate,  and  only 
2 

7  kgf/cm  if  irradiation  is  conducted  with  the  addition  of  a 
sensitizer.  This  distinctly  shows  that  in  the  absence  of 
crystallinity  the  strength  of  a  polymer  at  a  temperature  higher 
than  the  melting  point  is  determined  by  the  three-dimensional 
network  formed  because  of  the  cross-linking  of  the  molecules 
of  polyethylene  in  t  presence  of  a  polyfunctional  monomer. 

The  dielectric  characteristics  of  polyethylene  irradiated 
in  the  presence  of  sensitizers  are  given  in  Table  21. 


From  the  data  in  the  table  it  is  evident  that  the  introduction 
of  a  monomer  insignificantly  influences  the  dielectric  character¬ 
istics  of  irradiated  polyethylene,  whereupon  the  greatest 
contriDutlon  to  change  is  made  by  allyl  methacrylate  as  the  most 
polar  of  all  the  tested  monomers. 

It  is  evident  that  the  use  of  sensitizers  for  obtaining 
the  required  effect  of  cross-linking  at  small  doses  will  net 
entail  a  deterioration  of  properties  of  irradiated  polyethylene; 
the  latter  can  be  used  even  as  high-frequency  electrical 
insulation. 

Polypropylene 

This  material,  which  in  structure  occupies  an  intermediate 
position  between  polyethylene  and  polyisobutylene,  can  be 
consile'ed  as  a  polymer  obtained  from  polyethylene  by  means  of 
the  replacement  of  the  atoms  of  hydrogen  at  the  alternated  atoms 
of  carbon  by  methyl  groups 


-C.  q  CH  CHs  CH  ch2  £h~ 

Isotactic  polypropylene  possesses  a  higher  degree  of  crystallinity 
and  has  a  higher  melting  point  and  temperature  of  vitrification. 


Polypropylene  also  relates  to  the  class  of  cross-linked 
polymers,  i.e.,  during  irradiation  cross  bonds  are  formed  in 
it,  however,  this  process  flows  with  less  probability  than  in 
polyethylene  (relationship  of  the  rates  of  the  processes  of 
degradation  and  cross-linking  comprises  0.6-0. 8)  [99] •  The 
gases  being  liberated  during  irradiation  almost  wholly  (99%) 
consist  of  hydrogen  [3^6].  Data  on  the  change  in  electroconductiv¬ 
ity  during  or  after  irradiation  are  lacking  in  the  literature. 
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The  tear  resistance  of  polypropylene  irradiated  in  an  inert 
medium  and  measured  at  6o°C  barely  changes  up  to  a  dose  of 
l6o  Mradj  however,  at  20°C  tear  resistance  along  with  an  increase 
in  irradiation  dose  at  first  increases  and  reaches  a  maximum  at 
80  Mrad,  and  then  it  diminishes  and  at  a  dose  of  160  Mrad  reaches 
its  original  value.  The  strength  of  polypropylene  fiber  with  an 
increase  in  irradiation  dose  diminishes  and  at  a  dose  of  150  Mrad 
comprises  H0%  from  the  strength  of  the  initial  fiber.  The 
breaking  strain  of  polypropylene  fiber  also  decreases  with  an 
increase  in  the  irradiation  dose  [3*17]. 

In  work  [3^8]  it  was  revealed  that  in  contrast  to  polyethylene 

7 

during  irradiation  up  to  a  dose  of  2.2*10  rad  in  isotactic 

polypropylene  sharp  changes  occur.  The  polymer  became  brittle, 

changed  color,  and  strength  at  break  was  strongly  decreased. 

At  higher  doses  the  polymer  became  soft  and  its  elongation  began 

to  be  lowered  to  zero,  which  is  attributed  to  the  plasticizing 

action  of  the  low-modular  fraction  which  is  formed  during 

radiation  degradation.  During  irradiation  up  to  a  dose  of 
9 

1*10  rad  the  surface  of  the  polymer  became  oily  due  to  further 
degradation. 

On  the  other  hand,  in  work  [3^9]  they  noted  that  polypropylene 

7 

irradiated  at  room  temperature  up  to  a  dose  of  ^*10  rad  and 
immediately  annealed  at  a  temperatures  between  120  and  260°C 
remains  pliable  and  retains  a  noticeable  value  of  elongation. 

It  has  also  been  shown  that  many  properties  of  polypropylene 
depend  on  the  temperature  of  irradiation.  With  a  thorough 
selection  of  temperature  and  conditions  of  annealing  after 
irradiation  it  is  possible  to  obtain  a  cross-linked, 
sufficiently  pliable  polypropylene.  If  these  conditions  are  not 
observed  degradation  strongly  influences  the  physical  properties 
of  the  polymer  during  irradiation  already  up  to  relatively  low 
doses . 
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In  wcrk  [350]  it  was  shown  that  the  thermal  stability  of 
polypropylene  is  sharply  lowered  with  an  increase  of  irradiation 
dose . 

The  Copo..ymer  of  Ethylene  with 
Propylene 

The  copolymer  of  ethylene  with  propylene  [351]  is  a  high- 
molecular  product  of  the  joint  polymerization  of  the  indicated 
monomers  and  basically  has  the  following  structure: 


CHj-  CHs-(CH;-CHi)n-(CHi-CH)m  -OH  —  CH* 

CH, 


With  an  increase  in  the  content  of  propylene  a  disruption 
of  the  ordered  packing  of  the  polymer  chains  is  observed. 

Gradually  the  degree  of  crystallinity  and  density  are  lowered. 

The  investigation  of  the  radiation  cross-linking  of  polyolefins 
showed  [251]  that  this  copolymer  belongs  to  the  group  of  cross- 
linked  polymers,  whereupon  a  characteristic  for  it  is  less 
value  of  the  relationship  of  the  rates  of  degradation  and  cross- 
linking  (3/a  =  0.12-0.20)  than  for  polyethylene. 

The  strength  characteristics  of  the  copolymer  of  ethylene 
with  propylene  are  substantially  higher  than  for  low-density 
pclyethylene .  Therefore  during  irradiation  the  lowering  of  them 
with  an  increase  of  dose  occurs  approximately  at  the  same  rate 
as  in  polyethylene,  but  the  absolute  values  of  deformation 
characteristics  at  Identical  doses  in  the  copolymer  of  ethylene 
with  propylene  are  higher  than  in  the  polyethylene  of  low 
density . 

The  authors  of  work  [255]  studied  the  dependence  of  the 
deformation  characteristics  of  this  material  at  various  doses  of 


irradiation  and  investigated  the  possibility  of  its  thermal 
stabilization  for  prolonged  utilization  in  an  irradiated  form 
at  increased  temperatures .  Data  on  the  aging  of  the  .irradiated 
copolymer  of  ethylene  with  propylene  containing  0-5%  standard 
stabilizer  (control),  and  also  on  the  effective  heat-stabilizing 
system,  are  given  below  (the  criterion  of  loss  of  efficiency 
is  taken  as  the  lowering-  in  relative  elongation  to  100%): 

Copolymer  with  thermal 
j stabilizer,  hr 

»  £000-5000 
700-900 
75-175 


T, 


Control i  hr 


150 

175 

200 


100-150 

10-15 

1-2 


Apparently  this  material  is  very  promising  for  obtaining 
therraoresistant  insulation  with  the  help  of  irradiation. . 

Poly isobutylene 


This  polymer  as  a  result  of  ^  peculiarity  of  the  main  chain 
contains  a  quaternary  atom  of  carbon 

CK,  .  - 

CH,  .  .  ' 

degrades  during  irradiation  [352].-  .Breaks  of  the  main  chain 
are  connected  directly  with  the  decrease  ,in  the  value  of  the 
number-average  molecular  weight.  Besides  the  breaks1 in  the 
main  chain,  in  polyisobutylene  duping  irradiation  there  is  an 
increase  in  the  content  of  nonsaturation  fnainly  of  the  vinylidene 
type  (in  the  side  groups).  : 


The  composition  of  gases  which  are  liberated  during  irradia¬ 
tion  includes  mainly  hydrogen,  methane,  arid  isobutylene.  ' 


J 


The  degree  of  degradation  of  polyis Jbutyiene  during  irradia¬ 
tion  increases  with  an  increase  in  temperature. 

It  has  been  established  that  the  copolymers  of  isobutylene 
and  styrene  are  less  subjected  to  degradation  than  polyisobutylene 
itself. 

Polystyrene 

This  polymer  can  be  considered  as  a  material  obtained  from 
polyethylene  by  the  replacement  of  the  atoms  of  hydrogen  at  the 
alternated  atoms  of  carbon  by  phenyl  groups 

l 

1 

— ClliCHClijCH— 


During  the  action  of  ionizing  radiations  on  polystyrene 
the  predominant  effect  Is  cross-linking,  although  the  measurement 
of  the  content  of  sol  fraction  made  it  possible  to  uncover 
that  degradation  in  it  nevertheless  flows,  true  to  an  insignificant 
degree  [108,  3533-  During  irradiation  in  the  air  the  degree 
of  degradation  probably  depends  on  the  thickness  of  the  sample 
and  the  dose  rate. 

As  established  in  work  [105],  the  main  chain  of  the 
polymer  apparently  participates  both  in  the  process  of  liberation 
of  hydrogen  and  in  cross-linking,  which  is  accomplished  through 
the  benzene  ring  with  the  interrupting  of  double  bends  in  the 
aromatic  grouping. 
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The  physicomechani  ca2  properties  of  polystyrene  during 
Irradiation  are  changed  very  little.  Thus  in  unmodified 
polystyrene  the  tensile  strength  and  tear  resistance  are  decreased 
all  told  only  by  5-10?  during  irradiation  up  to  a  dose  of 

a 

5*  10 7  rad.  Polystyrene  containing  an  additive  (for  instance 
a  piastifier)  is  more  susceptible  to  the  effect  of  ionizing 
radiations;  true  its  strength  does  not  diminish  during 
irradiation  up  to  very  high  doses,  however,  the  relative  elonga¬ 
tion  drops  noticeably  already  at  doses  of  about  10  Mrad. 

Polystyrene  possesses  high  radiation  stability  not  only  in 
physicomechanical,  but  also  in  electrophysical  characteristics. 

Thus  according  to  works  [354,  3551*  after  irradiation  up  to  a 
dose  of  3600  Mrad  the  volumetric  specific  resistance  practically 
did  not  change  as  compared  with  the  original  value  (1*10  D*cm), 
and  dielectric  strength  was  lowered  from  64  to  all  told  only 
52  kW/mm. 

Figure  25  [3561  shows  the  dependence  of  e  and  tg  6  on  the 
irradiation  dose  in  a  reactor  in  air  at  35°C  for  polystyrene  and 
polyethylene.  It  is  evident  that  although  change  of  tg  6  for 
polyethylene  is  small,  for  polystyrene  it  is  still  considerably  less. 


Fig.  25.  Dependence  of  e 
and  tg  5  at  50  Kz  and  23°C 
on  the  irradiation  dose 
for  polyethylene  (1)  and 
polystyrene  (2). 

KEY:  (1)  Irradiation 
dose,  Mrad. 


Some  data  on  the  change  in  the  electrophysical  characteristics 
of  polystyrene  during  irradiation  in  a  vacuum  are  given  in  work 
[3*5]. 


The  Nitrogen-Containing  Polymers 
(the  Polyamides) 


Nylon 


For  polyamides  the  following  structure  is  characteristic: 

H  HO  O 

|  II  I 

— X_(CH;),— N— C— (CH-)»— C— 


The  melting  point  of  polyamides  is  higher  than  for  polyethy¬ 
lene  as  a  result  of  the  strong  intermoleeular  interaction  at 
the  sites  of  disposition  of  amido  groups.  Polar  amido  groups 
represent  precisely  those  places,  in  which  intermoleeular  chains 
are  attracted  to  each  other  by  hydrogen  bonds;  as  a  result 
the  solubility  of  polyamides  in  polar  solvents  and  the 
equilibrium  content  of  moisture  in  them  prove  to  be  significantly 
higher  than  in  polyethylene. 

During  the  irradiation  of  polyamides  oy  ionizing  radiation 
the  relationship  of  the  rates  of  the  processes  of  degradation 
and  cross-linking  has  a  somewhat  greater  value  than  in  polyethy¬ 
lene;  however,  qualitatively  the  initial  changes  in  physlcomechan- 
ical  properties  of  both  polymers  are  very  similar.  In  contrast 
to  the  behavior  of  polyethylene,  with  an  increase  In  the 
irradiation  dose  the  increase  of  rubber-like  elasticity  in 
polyamides  at  high  temperature  is  gradually  slowed  down  during 
the  transition  into  the  range  of  high  doses  [3573.  As  shown  in 
work  [3583  degradation  occurs  as  a  result  of  breaking  of  N-C 
bonds . 


Although  In  polyamides,  as  also  In  polyethylene,  there  are 
three  basic  forms  of  radiation  changes  (an  increase  in  the 
amorphous  phase  content  as  a  result  of  the  destruction  of 
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of  crystalline  structure,  the  formation  of  defects  inside  the 
crystallites,  and  the  formation  of  a  woven  network),  the  most 
sharply  defined  change  is  the  increase  in  hardness  as  a  result 
of  cross-linking.  The  higher  value  of  the  relationship  of 
the  probabilities  of  processes  of  degradation  and  cross-linking 
in  nylon  determines  its  lesser  radiation  stability,  if  we  evaluate 
it  according  to  the  capacity  of  the  material  to  preserve  the 
original  values  of  strength  at  breaking  and  relative  elongation. 

Data  on  the  other  nitrogen-containing  polymers,  for  example 
aniline-formaldehyde  resins  are  very  incomplete.  Some  of  them 
are  given  below  in  composite  tables. 

Oxygen-Containing  Polymers 

The  properties  of  oxygen-containing  polymeric  materials, 
depending  on  the  individual  features  of  the  compound,  are  changed 
in  very  wide  limits. 

The  different  nature  of  molecular  structure  also  contains 
their  completely  different  behavior  under  che  action  of  ionizing 
radiations . 

Polyacrylates 

The  polyacrylates  are  derivative  of  acrylic  acid  IUC=C— COH 

H  O 

and  the  simplest  of  them  -  polymethyl  acrylate  -  has  the  following 
structure : 


o 

i 

OQCH* 

-CHs^HCHsCH- 

£och. 
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The  greater  part  of  the  investigations  of  radiolysis  of 
polyacrylatec  was  directed  at  the  clarification  of  t ae  influence 
of  differences  :n  the  structure  of  the  side  chain,  which  represents 
different  es‘. groups,  on  the  rate  of  the  processes  of  cross- 
linking  and  uegradaticn  which  proceed  under  the  action  of  ionizing 
radiation  [359,  360]. 

Investigation  of  the  influence  of  ionizing  radiations  on  the 
structural  and  physicomechanieal  properties  of  polyacrylates  was 
accomplished  on  rubber-like  polymers  which  are  included  in  the 
composition  of  some  industrial  rubbers.  The  degree  of  cross- 
linking  of  polyacrylic  rubber  increases  at  a  greater  rate  than 
natural . 

Poly methacrylates 

in  contrast  to  the  majority  of  widely  used  polymeric 
materials,  which  during  irradiation  are  cross-linked,  poiymeth- 
acryiates  undergo  degradation.  This  fact  has  been  confirmed 
by  the  numerous  fundamental  works  carried  out  with  the  polymer 
of  the  simplest  ester  -  polymethyl  methacrylate  [8l,  84,  108]. 

At  ;he  same  time  the  investigation  of  polymethacrylates  with 
^ue  groups  of  different  structure  shewed  [361]  that  radiolysis 
of  compounds  of  this  class  can  to  a  certain  extent  depend  on 
the  structure  of  the  side  chain  of  the  polymer,  whereupon  the 
peculiarities  of  structure  predetermine  the  course  of  one  of  the 
following  three  processes:  the  side  chain  can  "exhaust"  the 
absorbed  energy  on  itself  if  aromatic  groupings  are  present  in  it; 
bulky  side  chains  increase  steric  strains  and  can  facilitate  the 
flow  of  degradations;  finally  long  side  chains  can  condition 
the  appearance  of  cross-linked  sections. 

It  has  been  established  that  the  rate  of  degradation 
substantially  depend:,  on  the  presence  of  additives  f8l,  102,  362] 
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regardless  of  whether  they  were  introduced  for  the  purpose 
of  radiation  protection  of  the  poiymer  or  they  were  present 
because  of  other  reasons.  On  the  basis  of  the  results  obtained 
(see  Table  22)  the  coefficients  of  protection  were  calculated. 


Table  22.  Protective  action  of  additives  during 
the  radiolysis  of  polymethyl  methacryla 


- - 

Additive 

Concen¬ 
tration, 
wt . _ 2 _ 

Protec¬ 
tion  coef¬ 
ficient  ,% 

Additive 

Concen¬ 
tration  , 
wt.  % _ 

Protec¬ 
tion  coef¬ 
ficient 

Benzoic  acid 

1.0 

76 

8-Hydroxyquin- 

2.0 

52 

oline 

Naphthalene 

2  0 

32 

Diphenylthio- 

3-6 

69 

Anthracene 

2.1 

37 

urea 

Phenanthrene 

2.2 

51 

a-Naphthol 

5-6 

82 

Diphenyl 

2.5 

56 

8-Naphthol 

5-3 

24 

Phenol 

2.7 

52 

Ethyl  urea 

10.0 

12 

a- Naphthyl- 

amine 

2.5 

78 

Paraffin 

10 .  G 

3 

It  is  evident  from  Table  22  that  all  the  most  effective 
protective  additives  are  compounds  containing  aromatic  groupings. 

The  optical  and  electric  properties  of  polymethyl  methacrylate 
after  irradiation  suffer  noticeable  changes,  which  is  important 
for  some  concrete  cases  of  application.  For  instance,  optical 
transparency  during  irradiation  by  Y—I>adiation  in  air  up  to  a 
dose  of  5  Mrad  is  lowered  from  90  to  55%  [366].  The  electrical 
properties  of  polymethyl  methacrylate  were  studied  both  during 
and  after  irradiation  [36*1,  365  J-  is  **as  'i-.;  Published  that  induced 
conductivity  was  changed  proportional  to  where  J  -  the 

incident  radiation  intensity.  After  termination  of  irradiation 
conductivity  diminished  exponentially  for  a  time  of  more  than 
5  hours.  At  a  dose  rate  of  400  rad/hr  electroconiuctivity 
conrorised  10  ^  fl  ^*cm  ^  and  had  a  purely  oituic  nuture.  Aftei 


irradiation  up  to  a  dose  of  5  Mrad  eiectroconductivity  was 
lowered  to  the  original  value,  although  for  the  extent  of  a 
prolonged  time;  after  irradiation  up  to  a  dose  of  100  Mrad 
eiectroconductivity  comprised  10  ft  •cm 

In  work  [366]  dependences  are  given  for  e  and  tg  6  of 
polymethyl  methacrylate  at  a  frequency  of  50  Hz  on  the  dose  -'f 
reactor  radiation  at  a  temperature  of  25° C.  It  has  been 
established  tnat  the  dielectric  characteristics  of  this  material 
did  not  undergo  substantial  changes  and  its  efficiency  in  the 
zone  of  action  of  ionizing  radiations  is  determined  wholly  by 
physieomechanical  properties. 

The  physieomechanical  properties  of  polymethyl  methacrylate 
deteriorate  very  rapidly  during  irradiation,  which  is 
conditioned  by  the  large  number  of  breaks  of  the  main  chain  of 
polymer  molecules  at  a  given  amount  of  absorbed  energy. 

The  radiolysis  of  polymethyl  methacrylate  is  accompanied 
by  intensive  gas  liberation,  whereas  t.ie  gas  (^.1%  hydrogen, 
22.82  carbon  monoxide,  18.82  carbon  dioxide,  and  6%  methane 
[8l])  remains  in  the  polymer  and  in  no  way  displays  Itself. 
During  subsequent  heating  to  a  temperature  above  125°C  the  almost 
instantaneous  foaming  of  the  polymer  occurs. 

Polyvinyl  Alcohol  and  i ts  Derivatives 

Polyvinyl  alcohol  is  soluble  In  water  (a  unique  property  of 
a  polymer!).  During  Irradiation  in  aqueous  solutions  it  is 
cross-linked  [367],  whereas  irradiation  in  a  dry  state  both 
in  air  and  in  a  vacuum  gives  rise  to  degradation  [368]. 

Data  on  the  influence  of  ionizirg  radiations  on  the 
physicomechmical  properties  of  polyvinyl  alcohol  are  absent  in 
the  literature. 


Polyvinly  acetate  was  investigated  in  radiation  fields  only 
in  the  form  of  copolymers  with  vinyl  chloride  and  in  mixtures 
with  a  high  content  of  fillers,  therefore  on  the  basis  of  these 
works  it  is  impossible  to  determine  which  process  was  dominant: 
cross-linking  or  degradation. 

Questions  on  the  effect  of  radiation  on  the  simple  esters 
of  polyvinyl  alcohol  have  been  treated  in  few  works;  these 
compounds  figure  in  that  group  of  polymers  in  which  during 
irradiation  by  electrons  a  gel  fraction  is  formed  [ 80 ] . 

Polyvinyl  acetals  are  used  quite  extensively  in  various 
areas  of  technology,  however  their  radiation  stability  also  has 
not  been  studied  sufficiently. 

Polyvinyl  formal  and  polyvinyl  butyral  were  investigated 
after  irradiation  in  a  reactor  with  a  limited  air  inlet.  At  an 
exposure  dose  of  500  Mrad  the  modulus  of  elasticity  and  tensile 
strength  of  polyvinyl  formal  was  lowered  by  approximately  50% 
from  initial  [181,  369,  370];  imthls  range  of  doses  relative 
elongation,  traversing  the  maximum,  increased  by  more  than  505t 
which  attests  to  the  considerable  degradation  of  material. 

The  changes  revealed  after  irradiation  for  polyvinyl 
butyral  clearly  indicate  the  preferential  flow  of  the  process 
of  cross-linking.  The  density  of  this  material  increases  and 
the  increase  in  the  modulus  of  elasticity  is  accompanied  by  a 
decrease  in  relative  elongation  at  break. 

Polyethylene  Oxide 

Polyethylene  oxide  is  the  only  simple  polyester  about  the 
behavior  of  which  under  the  action  of  irradiation  a  certain 
quantity  of  information  has  been  accumulated  [371]* 
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The  presence  of  atoms  of  oxygen  in  the  main  chain  insigni¬ 
ficantly  increases  the  susceptibility  to  radiation  of  polyethylene 
oxide  as  compared  with  polyethylene.  Irradiation  in  air  up  to 
moderate  doses  gives  rise  to  a  more  marked  increase  in  the 
viscosity  of  solutions  than  irradiation  in  a  vacuum,  which  is 
connected  with  the  formation  of  peroxide  cross-’ inkages .  Mere 
prolonged  irradiation  in  air  gives  rise  to  oxidizing  degradation. 
During  irradiation  in  a  vacuum  there  is  approximately  four  times 
less  cross  linking  than  in  polyethylene  [372]. 

Data  on  the  change  in  physicomechanical  properties  are 
absent  in  the  literature. 

Polyethylene  Terephthalate 1 

This  material,  having  the  structure 

o  o 

— CHt— CH,— PC— ^  V-CO- 

is  used  widely  in  industry.  The  data  on  the  solubility  of 
irradiated  samples  attest  that  the  predominant  process  in 
polyethylene  terephthalate  is  cross  linking  [79],  probably 
because  of  the  bond  at  the  aromatic  ring.  However,  the  data 
on  the  crystallization  of  this  polymer  show  that  both  cross- 
linking  and  degradation  flow  fairly  slowly. 

The  analysis  of  infrared  spectra  showed  that  the  compound 
ester  bond  disintegrates;  apparently  this  process  represents  one 
of  the  types  of  degradation. 

Tensile  strength,  which  in  the  initial  state  of  the 
material  has  a  higher  value  than  in  polyethylene,  is  reduced  to 


lnTerylene"  -  in  Europe,  "Mylar”  -  in  the  USA. 
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f 

1 

I 

50%  in  the  case  of  an  irradiation  dose  of  500  Mrad  and  to  10%  - 
with  a  dose  of  approximately  2000  Mrad.  Based  on  the  degree  of 
change  in  the  original  value  cf  tens:le  strength  during  irradiation 
polyethylene  terephcha'late  occupies  an  intermediate  position 
between  polymethyl  methacrylate  and  polyethylene. 

The  electrophysical  (resistance  and. dielectric  strength)  ' 

and  dielectric  (c  and  tg  <S )  characteristics  of  this  polyether  | 

are  not  noticeably  changed  at  an  irradiation  does  up  to  100  Mrad;  j 

with  larger  doses  the  gradual  deterioration  of  these  parameters  ’  *• 

is  observed  [373]-  ■ 

Data  are  also  available  for  another  polyester  -  Dacron.  In  -  . 

work  [37^1  the  frequency  dependence  tg  6  is  given  for  Dacron  I 

which  was  not  irradiated  and  for  a  period  of  irradiation  at  a  ; 

dose  rate  of  15  r/s .  The  increase  of  tg  6  and  the  shift  of  curves  . 

into  the  range  of  low  frequencies  is  noticeable,  whereupon  for 
crystalline  polymer  this  tendency  is  expressed  more  sharply  j 

than  for  amorphous.  ] 

t 

i 

k 

Derivatives  of  Cellulose  ; 

i 

% 

During  the  irradiation  of  ethylcellulose  under  such  j 

conditions  when  the  presence  of  air  exerts  only  a  small  influence 
a  very  weak  increase  was  revealed  in  the  modulus  of  elasticity 
with  a  dose  of  about  40  Mrad  [l8l,  369,  370].  With  this  dose  the 
tensile  strength  and  impact  strength  were  decreased  to  25%  from 
the  initial  values,  and  relative  elongation  -  to  5%  of  the  value 
for  nonirradiated  material.  The  decrease  in  tensile  strength 
by  50%  from  initial  is  reached  with  a  dose  of  20  Mrad.  These 
data  do  not  give  the  final  answer  about  the  prevalence  of 
cross-linking  or  degradation. 

Cellulose  acetate  during  irradiation  behaves  in  the  same 
manner  as  ethylcellulose,  but  for  the  identical  (for  instance 
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bO%)  decrease  in  tensile  strength  somewhat  larger  irradiation 
doese  are  necessary  (40  Mrad  instead  of  20  Mrad).  The  behavior 
of  cellulose  propionate  and  acetobutyrate  during  irradiation 
is  not  noticeably  different  from  that  described  above. 

The  physicomechanical  properties  of  cellulose  nitrate  during 
irradiation  are  changed  in  much  the  same  manner  and  to  the  same 
degree  as  the  properties  of  celluisoe  acetate.  However,  its 
hardness  increases  gradually,  even  in  doses  greater  than 
100  Mrad. 

As  can  be  seen  from  the  data  given  above ,  the  simple  and 
compound  polyesters  of  cellulose,  and  also  cellulose  nitrate 
possess  a  relatively  high  sensitivity  to  the  action  of  ionizing 
radiations  similar  to  that  of  the  initial  compound  -  cellulose 
itself.  The  strength  characteristics  of  the  derivatives  of 
cellulose  deteriorate  during  irradiation  at  least  10  times 
faster  than  in  polyethylene,  but  nevertheless  not  as  rapidly 
as  in  polymethyl  methacrylate. 

Halogen-Containing  Polymers 

For  the  haloid-substituted  polymers  high  yields  of  radicals 
during  irradiation  are  characteristic  [375,  376].  It  has  been 
established  that  in  polyvinyl  chloride  under  the  action  of 
radiation  changes  occur  which  indicate  the  flow  of  reactions 
ooth  of  cross-linking  and  degradation  -  depending  on  the  com¬ 
position  of  starting  material  and  the  conditions  of  irradiation. 

The  complete  halogc ration  of  a  polymer  (an  example  can  be 
polytetrafluoroethylene )  7,ives  rise  to  its  degradation  at  a 
rapid  rate.  At  intermediate  degrees  of  halogenation 
predicting  the  direction  of  the  reaction  cannot  be  done. 

Thus  polyvinylidene  chloride  undergoes  only  degradation,  whereas 


the  copolymers  of  vlnylidene  chlo.’ide  and  monomers  with  a  higher 
content  of  haloids  are  cross-linked  Swing  irradiation. 

During  the  radiolysis  of  h=Oogenated  polymers  low-molecular 
halogen-containing  compounds  are  liberated.  The  liberated 
products  can  enter  into  an  interaction  with  moisture  present  in 
the  environment  and  form  ions  of  halide  compounds.  Because  of 
this  the  electrical  resistance  of  such  copolymers  during  irradia¬ 
tion  diminishes  quite  rapidly.  Gaseous  products  regardless  of 
the  fact  whether  they  are  hydrohalic  acids  or  elementary  haloids 
exert  a  corrosive  action  on  metals. 

Polyvinyl  Chloride 

This  polymer,  which  has  the  structure  (-CHj-CHCl— )n>  contains 
58%  chlorine.  Unplr.sticized  polymer  is  used  when  operating 
conditions  require  a  high  degree  of  rigidity.  If  it  is  desirable 
to  obtain  sufficient  flexibility  and  viscosity,  then  plasticized 
materials  are  used. 

The  effect  of  light  and  heat  on  polyvinyl  chloride  'eads  to 
the  liberation  of  hydrogen  chloride  and  is  accompanied  by  the 
formation  of  double  bonds. 

Irradiati  ->n  by  ionizing  radiation  also  leads  to  the 
dehydrochlorination  of  polyvinyl  chloride.  It  is  significant 
that  in  this  case  the  influence  of  stabilizers  is  expressed 
considerably  less  than  in  the  case  of  the  effect  of  light  ahd 
heat,  since  the  concentration  of  radicals  formed  turns  out  to 
be  many  times  greater. 

The  process  of  HC1  loss  which  takes  place  during  irradiation 
is  accompanied  by  the  formation  of  double  bonds  [377],  by  cross- 
linking.  and  by  degradation;  the  radiation  yield  of  double  bonds 


depends  on  the  temperature  of  Irradiation.  At  low  temperatures 
solitary  double  bonds  are  formed  while  at  room  temperature  the 
reaction  of  aehydrochlorinaticn  has  a  chain  nature  and  as  a 
result  systems  of  linked  double  bonds  are  formed.  With  an 
increase  in  the  exposure  dose  approximately  up  to  800  Mrad  at 
20° C  disappearance  of  the  end  double  bonds  formed  during  the  break 
of  the  main  chains  of  the  polymer  is  observed,  which  is 
apparently  [375,  377]  connected  with  the  onset  of  linked  systems 
and  the  formation  of  cycles.  The  degree  of  degradation  is  less 
during  irradiation  in  a  vacuum  than  in  air  [378,  379].  The 
radiochemical  yield  of  the  process  of  cross-linking  of  polyvinyl 
chloride  turns  out  to  be  greater  during  irradiation  of  the 
polymer  in  certain  solvents  than  in  a  solid  state. 

The  influence  of  ionizing  radiation  on  the  plasticized 
formula  of  polyvinyl  chloride  has  the  same  nature  as  the 
influence  on  solutions  [380].  During  irradiation  in  air  [381] 
in  an  unplasticized  polymer  degradation  takes  place  to  a  greater 
degree,  which  is  apparently  connected  with  the  difficulty  of  the 
recombination  of  polymeric  radicals  in  a  more  rigid  unplasticized 
material.  In  addition  it  was  revealed  that  plasticizers, 
especially  tricresyl  phosphate  and  phenyl  decresyl  phosphate, 

^xert  a  protective  action  on  polyvinyl  chloride  during  irradiation 
£531]. 

Upon  the  int induction  of  unsaturated  monomers  of  compound 
polyesters  into  the  formula  the  yield  of  cross-linking  increases 
[301],  It  has  been  found  [382]  that  the  addition  to  polyvinyl 
chloride  of  triallyl  ester  of  cyanuric  acid  (triallyl  cyanurate) 
sharply  lowers  the  irradiation  dose  for  obtaining  material  with 
a  higher  thermal  stability  and  resistance  to  the  effect  of  solvents 
For  instance,  heat  resistance  in  the  Vicat  test  of  a  mixture 
of  60  parts  by  weight  of  polyvinyl  chloride  and  *J0  parts  by 
weight  of  triallyl  cyanurate  after  irradiation  up  to  a  dose  of 


4  Mrad  comprised .160°C  while  the  heat  resistance  of  polyvinyl 
chloride  itself  after  irradiation  remained  .unchanged  (95 °C). 

The  irradiation  doses  which  cause  the  formation  of  an  insoluble 
fraction  comprise  correspondingly  for  polyvinyl  chloride  and 
a  mixture  of  polyvinyl  chloride  (90  parts  by  weight)  with;  , 
trialiyl  cyanurate  (10  parts  by  weight). 30  and  0.5  Mrad. 

s  t 

Tensile  strength  of  unplasticized  resins  diminishes  slightly 
with  an  irradiation  dose  up  to  100  Mrad;  with  an  increase  in  . 
the  irradiation  dose  dp  to  200  Mrad  strength  diminishes  by  one 

i 

third.  Impact  strength  diminishes . still  more  slowly  [181,  369, 
370,  383]-  The  dynamic  mechanical  properties  of  irridated 
polyvinyl  chloride  have  been  studied  [384]. 


Some  plasticized  formulas  become  more  solid  during 
irradiation  and  their  modulus  "'of  elasticity  increases  [181, 

369,  370],  whereas  the  relative  change  in  tensile  strength  occurs 

1 

just  as  in  unplasticized  resins.'  Other  compositions  are  more 
sensitive,  at  least  by  an  order  of  magnitude. 

During  the  irradiation  of  polyvinyl  chloride,  plasticized 
with  di(2-ethylhexyl)phthalate,  by  y-radiation  (dose  rate 
4  Mrad/hr)  in  the'  presence  of  various  stabilizers  the  tensile 
strength  and  relative  elongation  raonotonically  ciiminish,  where¬ 
upon  in  a  dose  of  78  Mrad  they  comprise  approximately  half  of  : 
the  original  value;  the  content  of  gel  fraction  in  this  case 
reaches  55%.  The  magnitude  of  lOOit  modulus  and  chlorine  content 
diminish  by  several  percent.  The  molecular  weight  of  the  soluble 
component  of  the  polymer  with  :an  increase  in  irradiation  dose 
traverses  the  maximum  at  33  Mrad.,  and  then  it  is  lowered. 
Substantial  differences  in  the  action  of  different  stabilizers 

were  not  detected  [385].  In  the  presence  of  CaC0o  trie  more 

3  : 

effective  filler  turns  out  to  be  a  tin-containing  stabilizer 
as  compared  with  cadmium  and  ibarium, compounds  [386].  •: 
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It  has  been  established  that  the  heat  reistance  and 
resistance  to  solvents  of  polyvinyl  chloride  can  be  increased 
by  irradiation  in  water  up  to  doses  of  13-1000  Mrad  [ 387-339 j. 

The  irradiation  of  polyvinyl  chloride  in  the  presence  of  NH^ 
leads  tc  the  formation  of  a  gel  fraction  to  the  extent  of  93? 
in  a  dose  of  5  Mrad,  whereupon  the  nitrogen-ccnta: ning  polyvinyl 
chloride  possesses  a  different  reactivity,  moisture  absorbtion, 
and  shade  [390]. 

For  the  cross-linking  of  polyvinyl  chloride  it  is  also 
proposed  tc  conduct  irradiation  in  an  atmosphere  of  inert  gas 
or  in  a  vacuum,  and  then  heating  in  this  atmosphere  up  to 
80-150°C  [391] . 

For  an  improvement  in  the  physical  properties  of  polyvinyl 
chloride  and  its  copolymer  it  is  recommended  to  introduce  mineral 
fillers  (soot,  Si02,  kaolin  with  particle  sizes  20-50  nm)  to 
the  extent  of  0.05-7  parts  by  weight  per  100  parts  by  weight  of 
polyvinyl  chloride,  and  then  to  irradiate  up  to  5-25  Mrad. 

The  composition  can  include  stabilizers,  plasticizers,  and  other 
components.  The  products  obtained  by  such  a  method  possess  higher 
mechanical  properties  than  nor.irradiated  polyvinyl  chloride  with 
a  filler  and  irradiated  polyvinyl  chloride  without  a  filler 
[386,  392]. 

For  obtaining  a  thermo-  and  cold-resistant  product  it  is 
suggested  to  Introduce  into  polyvinyl  chloride  (to  the  extent  of 
from  1  to  50%  of  the  weight  of  the  polymer)  substances  which 
contain  many  epoxy  groups  and  to  irradiate  this  composition  up 
to  a  dose  of  5-50  Mrad  [393]. 

Improvements  in  the  physical  properties  of  polyvinyl  chloride 
and  its  copolymers  can  be  attained  by  introducing  into  ..e 
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composition  a  composition  of  1-50  parts  by  weight  of  magnesium 
oxide  or  l-*»  parts  by  weight  of  the  stearate  of  an  alkali  metal 
per  100  parts  by  weight  of  polymer  and  irradiating  them  to  a 
dose  of  100  Mrad  [39^]. 

The  electrical  characteristics  of  plasticized  polyvinyl 
chloride  resins  deteriorate  rapidly  during  irradiation.  The 
specific  volumetric  electrical  resistance  of  the  copolymer  of 
vinyl  chloride  with  vinyl  acetate  after  irradiation  up  to  a 
dose  of  100  Mrad  fell  below  106  n*cm  [l8l,  369,  370]. 

In  work  [395]  a  detailed  investigation  is  made  of  the 
change  in  the  physicomechanical  and  electrophysical  properties 
of  the  polyvinyl  chloride  masticated  rubbers  of  insulation  and 
hose  formulas,  the  composition  of  which  is  given  in  Table  23. 


Table  23-  Composition  of  the  formula  of 
polyvinyl  chloride  masticated  rubbers. 


Insulation 


Hose 


Components 


Number  of  liTatev 

mula°r~ 

230  1 251  fc24lt89t  ion  I  381239  P89 


Polyvinyl  Chlo¬ 
ride  l'-li  100  L00  100 

ED-2H2  (plasti¬ 
cizer)  IS— 4i  -  30  - 

Dioctyl  phthalate  -  52-55  *  - 

Dioctyl  sebacate  -  -  -  28 

Tricresyl  phos¬ 
phate  -  -  10  5| 

DIbutyl  phthalate  -  -  -  -  ! 

Diphenyl  chloride  -  - 

Lead  silicate  l*  w  1  5  - 

White  lead  -  -  -  10 

Blue  pigment  - 

Calcium  stearate  3333 


i*.o  100  100  100  100  100  100  100 

i-4«  -  30  -  -  -  50 

-  52—55  -  -  •*— vfi  -  -  60 

-  28  -  -  - 


10  10 
35  - 
20  - 

-  15  - 


3  3  3  3  3 


It  has  been  established  that  tensile  strength  is  noticeably 
lowered  in  the  interval  of  doses  of  5-50  Mrad,  and  relative 
elongation  drops  raonotonically  in  all  the  investigated  range  of 
doses.  A  sharper  change  in  strength  characteristics  is  revealed 
for  the  formulas  of  mascicated  rubbers  with  a  high  content  of 
plasticizers . 

Specific  volumetric  resistance  is  lowered  very  sharply  with 
an  increase  in  irradiation  dose  and  at  150  Mrad  comprises  from 
3  to  37 %  (dspending  on  the  composition  of  formula)  of  the 
original. 

Within  certain  limits  there  are  also  changes  in  the  e  and 
tg  6  of  masticated  rubbers. 

The  study  of  the  change  in  freeze  resistance  (the  loss  of 
plasticity  at  bend  of  180°  around  a  rod  with  a  diameter  of  1  mm) 
and  the  decomposition  temperatures  of  polyvinyl  chloride  masticated 
rubber  (the  liberation  of  HC1)  during  irradiation  showed  that 
freeze  resistance  sharply,  and  decomposition  temperature  more 
smoothly  are  lowered  at  doses  of  irradiation  greater  than  15  Mrad. 

The  moisture  pick-up  of  masticated  rubbers  increases 
noticeably  over  the  range  of  doses  1-*J0  Mrad,  which  is  apparently 
connected  with  the  formation  of  polar  groups  as  a  result  of  the 
oxidation  processes  which  proceed  under  tne  action  of  ionizing 
radiation  in  the  presence  of  atmospheric  oxygen. 

The  copolymers  of  vinylidene  chloride  and  vinyl  chloride 
(firm  name  "Saran")  are  similar  to  the  polymers  of  vinly  chloride 
and  vinyl  acetate,  but  they  are  somewhat  more  pliable  and  softer. 
The  prevailing  process  in  them  is  the  degradation  of  macro- 
molecular  chains.  At  an  irradiation  dose  of  about  50  Mrad  the 
modulus  of  elasticity  diminishes  by  25%,  and  tensile  strength 
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is  still  more;  electrical  resistance  during  irradiation  diminishes 
rapidly. 

Fluorine-Containing  Polymers 


Polytetrafluoroethylene  (-CFj-CFg-)  ,  P°lytriflucrochloro- 
ethylene  (-CF2-CFCl-)n,  and  polytrifluoroethylene  (-CF2~CFH-)n 
possess  high  heat  resistance  and  chemical  inertness.  At  the 
same  time  these  polymers  are  completely  inclined  to  degradation 
under  the  action  of  ionizing  radiations  £396—399 3  -  Destruction 
is  accompanied  by  the  liberation  of  the  corrosive  products. 


The  investigation  of  polytetrafluoroethylene  by  the  [EPR] 
(3fiP)  method  shewed  that  the  primary  free  radicals  formed  during 
irradiation  in  a  vacuum  in  the  case  of  irradiation  in  the 
presence  of  air  enter  into  a  reaction  and  form  peroxide  type 
radicals  [400,  401].  By  the  method  of  infrared  spectrometry  and 
by  the  measurement  of  density  it  has  been  established  that 
during  irradiation  up  to  small  doses  the  degree  of  crystallinity 
of  polytetrafluoroethylene  increases  [402].  Rot ntgenographic 
studies  of  irradiated  polytetrafluoroethylene  and  polytrifluoro¬ 
ethylene  [403]  also  confirmed  the  increase  of  crystallinity  in 
polytetrafluoroethylene.  This  is  connected  with  the  breakings 
of  chains  in  the  amorphous  phase.  At  doses  above  300  Mrad 
a  decrease  of  crystallinity  is  observed.  In  polytrifluoroethylene 
the  decrease  in  crystallinity  was  observed  at  doses  above 
200  Mrad. 

The  rate  of  degradation  during  irradiation  in  a  vacuum  is 
an  order  of  magnitude  less  than  in  air.  The  influence  of  the 
medium  during  the  irradiation  of  polytetrafluoroethylene  and 
polytrifluoroethylene  is  more  significant  than  during  the  irradia¬ 
tion  of  other  polymers;  upon  contact  with  air  the  surface  layers 
of  these  two  materials  can  be  oxidized  [404].  Such  a  surface 
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oxidation  improves  the  capacity  of  polytetrafluoroethylene  for 
coloration  and  grafting  on  the  surface  of  other  monomers.  The 
radiochemical  yield  of  the  process  of  degradation  of  poly¬ 
tetrafluoroethylene  during  irradiation  in  air  is  several  times 
greater  than  for  polyvinyl  chloride  [405].  The  behavior  of 
polytrifluorochloroethylene  is  the  same.  During  irradiation  in 
the  presence  of  air  polymer  density  and  the  viscosity  of  fusion 
increase  [406].  In  spite  of  high  thermal  stability, 
polytetrafluoroethylene  and  polytrifluorochloroethylene  are  most 
susceptible  to  the  effect  of  radiation  in  the  presence  of  air. 
Fluorine-containing  polymers  which  are  not  completely  halogenated 
can  be  cross-linked  during  irradiation. 

The  irradiation  of  polytrlfluoroethylene  in  a  vacuum  by 
v-radiation  over  the  range  of  1  to  200  Mrad  showed  that  in  this 
case  both  cross-linking  and  degradation  take  place,  and  B/a  = 

=  0.14.  During  irradiation  branched  structures  are  formed  which 
are  thermally  less  stable  than  the  initial  polymer  [407,  408]. 

During  Irradiation  in  air  the  physicomechanical  character¬ 
istics  of  these  polymers  deteriorate  rapidly.  Tensile  strength 
of  the  samples  of  polytetrafluoroethylene  after  irradiation  up 
to  a  dose  of  about  4  Mrad  was  cut  in  half;  relative  elongation 
was  cut  in  half  at  a  still  lower  irradiation  dose  -  a  total  of 
2  Mrad.  After  such  a  sharp  lowering  strength  continues  to  de¬ 
crease  with  an  increase  in  irradiation  dose,  but  less  sharply 
and  comprises  an  additional  29?  of  original  value  at  an 
irradiation  dose  of  about  60  Mrad. 

Radiation  stability  of  polytrifluorochloroethylene  is 
somewhat  higher  than  polytetrafluoroethylene;  tensile  strength 
of  polytrifluorochloroethylene  was  lowered  to  half  of  the 
original  value  at  doses  of  about  30  Mrad,  and  with  further 
irradiation  the  drop  in  strength  occurred  very  sharply. 


t 
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The  data  cited  above  relate  to  thick  (about  5  mm)  samples 
which  were  being  irradiated  in  air  at  a  dose  rate  of  10^  rad/hr. 

Since  fluorine-containing  polymers  are  very  sensitive  to 
the  presence  of  oxygen  in  the  process  of  irradiation,  one  ought 
to  take  into  account  that  for  samples  of  lesser  thickness  the 
strength  characteristics  will  deteriorate  still  more  sharply. 

Figure  26  shows  the  dependence  of  the  elect. ' cal  conductivity 

of  polytetrafluoroethylene  on  temperatures  during  irradiation  by 

fin 

Y-radiation  of  Co  (dose  rate 
15  r/s).  It  is  evident  that 
with  the  entry  of  this  material 
into  the  radiation  zone  its 
conductivity  will  increase 
sharply  whereupon  at  a  tempera¬ 
ture  of  'v30°C  the  absolute 
value  of  electrical  conductivity 
during  irradiation  will  increase 
approximately  100  times  as 
compared  with  initial. 

The  dielectric  character¬ 
istics  of  halogen-containing 
polymers  are  changed  relatively  weakly  during  irradiation  and  the 
determining  factor  is  the  loss  of  mechanical  strength,  and  not 
the  deterioration  of  electrophysical  properties. 

The  investigation  of  the  copolymer  of  fluoroethylene  with 
ethylene  [409]  during  irradiation  by  accelerated  electrons 
showed  that  degradation  and  cross-linking  take  place  simultaneously, 
whereas  the  prevalence  of  one  or  the  other  process  depends  on 
the  temperature  during  irradiation:  below  80°C  degradation  pre¬ 
dominates  and  above  80°C  the  process  of  cross-linking  predominates. 


Fig.  26.  The  dependence  of 
electroconductivity  of  poly¬ 
tetrafluoroethylene  on  tem¬ 
perature  before  (1)  and  dur¬ 
ing  (2)  irradiation  at  a 
dose  rate  of  15  r/s. 
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At  temperatures  above  300°C  thermal  degradation  predominates. 
Irradiation  up  to  moderate  doses  does  not  '/orsen  the  capacity  of  the 
material  for  treatment . 

During  irradiation  by  y-radiation  of  Co  polyvinylidene 
fluoride  is  cross-linked  [^10] .  The  solubility  of  the  polymer, 
irradiated  up  to  a  dose  of  2  Mrad,  comprises  7H%  (.26%  gel  fraction), 
and  after  a  dose  set  of  500  Mrad  -  only  4 % .  Tensile  strength 
of  the  irradiated  material  increases  and  elongation  decreases 
The  differences  in  behavior  under  the  influence  of  radiation 
of  such  similar  materials  as  polyvinylidene  fluoride  and  poly¬ 
vinylidene  chloride  (“hich  degrades  under  these  conditions)  are 
apparently  explained  by  the  lesser  atomic  radius  of  fluorine  in 
comparison  with  an  atom  of  chlorine. 

The  pyrolysis  of  polyvinyl-  and  polyvinylidene  fluoride, 

60 

preliminarily  irradiated  by  y-quanta  of  Co  ,  has  been  studied 
in  work  [411].  It  has  been  shown  that  the  presence  of  hydrogen 
in  monomeric  links  of  fluorine  polymers  facilitates  the  formation 
of  cross  bonds  under  the  action  of  y-radiation.  However, 
although  the  process  of  cross-linking  is  predominant  the  breaking 
of  chains  takes  place  to  a  noticeable  degree.  After  irradiation 
the  thermal  stability  of  these  polymers  is  lowered.  The  increased 
rate  of  loss  of  weight  of  irradiated  polyvinylidene  fluoride 
is  not  conditioned  by  the  increase  in  the  rate  of  liberation  of 
HF,  but  by  the  change  in  the  structure  of  the  polymer  from 
linear  zo  branched. 

The  influence  of  irradiation  on  the  dielectric  characteristics 
(e,  ig  6  over  a  wide  range  of  frequencies  -  from  100  Hz  to 
500  kHz)  of  polvtetrafluoroethylene,  polytrifluorochloroethylene , 
and  also  the  copolymer  of  tecrafluoroethylene  and  hexafluoro- 
propylene  is  examined  in  work  [3^51. 
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The  sharpest  changes  have  been  revealed  in  the  behavior 
of  polytetrafluoroethylene .  In  a  dcse  of  1  Mrad  value  of  tg  6 
increases  by  3  orders  at  100  Hz  and  by  1  order  at  100  kHz.  With 
a  further  increase  in  irradiation  dose  the  value  of  tg  6  is 
considerably  lowered.  The  change  in  the  dielectric  character¬ 
istics  of  the  copolymer  of  tetrafluoroethylene  with  hexafluoro- 
propylene  is  less  than  for  polytetrafluoroethylene,  but  neverthe¬ 
less  it  is  completely  noticeable,  although  at  somewhat  larger 
irradiation  doses  (0,30-40  Mrad). 

Thermoreactive  Resins 
(Phenolic,  Epoxide,  Polyester) 

The  radiation  stability  of  phenol  and  epoxide  resins  is 
approximately  identical,  but  in  epoxjde  resins  It  can  change 
substantially  depending  on  the  hardening  agents  used.  Pine 
films  or  coverings  from  epoxide  resins  are  also  subjected  more 
■o  destruction  during  irradiation  In  the  presence  of  oxygen 
than  a  film  made  of  phenolic  resin  [412]. 

The  comparison  of  epoxide  resins  hardened  by  various  agents 
showed  that  products  with  higher  radiation  resistance  are  obtained 
by  the  hardening  of  the  resin  with  aromatic,  and  not  aliphatic 
compounds.  Irradiation  in  air  at  70cC  up  to  a  dose  of  about 
1000  Mrad  led  to  the  lowering  In  bending  strength  by  less  than 
by  t05S.  There  are  reports  that  the  chain  is  degraded  near  the 
atom  of  nitrogen  and  that  the  residue  of  the  molecule  of  epoxide 
resin  is  slowly  subjected  to  cross-linking. 

Elastomers 

Carbon  Chain  Compounds 

As  shown  in  a  number  of  works  [181,  313,  352,  369,  370],  the 
majority  of  elastomers  (with  the  exception  of  synthetic  rubbers 


witn  a  large  number  of  links  of  isobutylene),  both  natural  and 
synthetic,  are  cross-linked  during  the  action  of  ionizing 
radiations.  The  majority  of  studies  were  carried  out  with 
natural  rubber  -  polyisoprene  (NR) 


However,  there  are  also  reports  on  synthetic  rubbers:  the 
polyisobutylene  (IR) 


polychloroprene  (CR) 


the  copolymer  of  butad' . ne  with  styrene  (SBR) 
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The  composition  of  rubber  has  a  significant  influence  on  ] 

its  behavior  during  irradiation.  For  instance,  the  cross-linking 
density  of  copolymers  butadiene-styrene  diminishes  with  an  f 

iricrase  in  the  styrene  content  [4l4J.  Mixtures  of  natural  rubber 
which  are  cross-linked  during  irradiation  and  butyl  rubber,  j 

which  is  degraded,  are  not  radiation-resistant  materials,  if  ; 

we  judge  by  tensile  strength  or  by  relative  elongation  [181,  j 

369,  370].  ! 

Table  24  shows  the  changes  in  the  deformation  characteristics 
of  four  standard  (ASTM)  rubber  mixtures  which  take  place  during 
irradiation  [415 J;  all  the  mixtures  are  cross-linked  under  these 
conditions.  ,  I 

Table  2k.  The  deterioration  of  deformation  characteristics  cf 

rubber  mixtures  during  exposure  to  ionizing  radiation.  } 


Dose  of 

Y-radiation, 

Rubber  filled 
with  soot 

Characteristics 

Mrad 

0 

9.25 

mi 

Bill 

92.5 

Natural  rubber 

Tensile  strength,  kgf/cm2 

427 

404 

328 

155 

(NR) 

Elongation  at  breaking,  % 

340 

290 

220 

140 

60 

Modulus  at  1002  tension, 

kgf/cm2 

33 

37 

46 

51 

56 

Butadiene- 

Tensile  strength,  kgf/cm2 

343 

338 

314 

257 

188 

styrene  rubber 
(SBR) 

Elongation  at  breaking,  % 

370 

280 

210 

150 

80 

Modulus  at  100/5  tension. 

kgf/cm2 

23 

26 

35 

45 

70 

Copolymer  of 

Tensile  strength,  kgf/cm2 

22b 

200 

122 

Broken  at 

chloroprene 

bend 

with  neoprene 

Elongation  at  breaking,  % 

l8o 

140 

50 

The  same 

(CR-GN) 

Modulus  at  100%  tension, 

1 

kgf/cm2 

35 

44 

It 

Butadiene- 

Tensile  strength,  .kgf/cm2 

280 

302 

260 

230 

233 

nitrile  rubber 
(NBR)  - 

Elongation  at  breaking,  % 
Modulus  at  1002  tension. 

300 

i 

1 

200 

140 

7° 

40 

kgf/cm2 

28 

46 

73 

106 


Different  physical  tests,  ‘-■oth  static  and  dynamic,  made 
it  possible  to  arrange  the  investigated  rubber  mixtures  in  the 
order  of  decreasing  radiation  stability  in  such  a  sequence; 
natural  rubber,  butadiene-styrs  i  e  rubber,  butadiene-nitrile 
rubber,  the  copolymer  of  ehloroprene  with  isoprene. 

The  silicon  organic  elastomers  which  contain  phenyl 
substitutes  in  high  concentration  possess  high  radiation  stability 
in  conjunction  with  good  characteristics  in  the  case  of  thermal 
aging  [416].  However,  although  toe  vulcanized  mixtures  on  the 
basis  cf  hig'n-phenylated  silicon-organic  elastomers  satisfactorily 
retain  the  characteristics  which  were  inherent  to  them  in  the 
initial  state  during  heating  and  irradiation,  the  values 
themselves  of  these  initial  characteristics  are  relatively  low. 

Elastomers  on  the  basis  of  polyurethane  possess  very  high 
radiation  stability  [417].  Such  polymers  apparently  are 
suitable  for  exploitation  without  deterioration  of  parameters 
up  to  irradiation  doses  of  100  Mrad  and  higher.  They  preserve 
a  resistance  to  cracking  under  the  influence  of  strains,  i.e., 
they  remain  very  pliable  even  after  irradiation  up  to  such  high 
doses . 

During  the  analysis  of  the  radiation  stability  of  materials, 
it  is  convenient  to  use  the  concept  of  the  threshold  of  radiation 
damage.  Ey  the  term  "25$  threshold"  is  understood  the  irradiation 
dose  by  ionizing  radiations  which  is  necessary  for  deterioration 
of  a  given  physical  property  or  characteristic  of  a  certain 
material,  having  a  technical  use,  by  25%  as  compared  with  the 
original  value.  In  Table  25  f-r  a  comparison  the  values  are 
given  of  the  threshold  doses  (determined  taking  into  account  a 
25%  change  of  the  most  important  characteristic  from  the  original 
value)  of  a  number  of  typical  elastomers  and  plastics  [418]. 
Furthermc/e  in  it  the  values  are  given  of  the  relationships  of 
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equivalent  threshold  doses  attained  during  irradiation  by  y- 
quanta  and  fast  neutrons. 


Table  25.  The  threshold  values  of  radiation 
damages . 


Polymer 

i 

Irradiation  dose 
corresponding  to 
a  worsening  of 
characteristics 
by  2555,  Mrad 

Equiva¬ 
lent  ratic 
n/y 

Natural  rubber  (NR) 

25 

7.9 

Butadiene-styrene 

rubber  (SBR) 

10 

1.2 

Butadiene-nitrile 

rubber  (NBR) 

7 

6.4 

Neoprene  rubber  (CR) 

6 

4.3 

Silicon-organic 

rubber  (SE-450) 

4 

5.2 

Butyl  rubber  (HR) 

4 

9.1 

Acrylic  rubber 

(Hycar  PA) 

3 

5-8 

Polyethylene 

90 

9.0 

Polyvinyl  chloride 

110 

3.8 

Polyethylene  tereph- 

thalate 

120 

3-6 

In  work  [419]  an  investigation  was  made  of  the  influence  of 
ionizing  radiation  directly  on  various  cable  designs  and  also 
on  insulation  and  hose  rubbers  subjected  to  irradiation  in  the 
air,  in  a  vacuum,  in  water  at  room  and  at  increased  temperatures. 
Insulation  and  hose  rubbers  were  subject  to  irradiation  both 
separately  and  in  a  duplicated  form. 


As  the  test  objects  the  following  cables  were  used:  RShM 

p 

with  a  section  of  200  and  500  mm  ,  KVD  with  a  section  of  1*  x 
2 

x  2.5  mm  in  braid  and  without  it,  KNRP  with  a  section  of  1  * 

2  2 

x  10  mm  and  24  x  2.5  ram  and  others,  and  also  cable  rubbers: 
a)  insulation  -  TS-35  (on  the  basis  of  NK  and  SKB),  TSSh-30, 
NVP-50  (also  on  the  basis  of  natural  and  butadiene  sodium  rubber 
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filled  with  chalk  and  talc);  b)  hose  -  ShN-40  (on  the  basis  of 
chloroprene ) ,  ShBM-40  (on  the  basis  of  divinyl  styrene  rubber 
SKS-jO  and  butadiene  rubber  SKBM)  and  NShP-60  (on  the  basis  of 
natural  and  butadiene  SKRD  rubbers). 

It  was  established  that  under  the  influence  of  irradiation 
in  air  the  hardness  of  rubbers  progressively  increases  and 
relative  elongation  drops  sharply;  breaking  strength  is  changed 
nonmonotonically  and  depends  on  the  concrete  formula  of  the 
rubber  mixture. 


The  effects  of  ionizing  radiations  on  the  electric  properties 
of  cable  rubbers  are  given  in  Table  26. 


Table  26.  The  change  in  the  electric 
properties  of  insulation  rubbers  during 
irradiation  in  air. 


Material 

Dose 

Mrad 

£ 

tg  6 

pv» 

£}*em 

E, 

kV/mm 

ShVP-50 

0 

2.86 

0.01 

!  1.5- 10>* 

28 

SO 

— 

— 

2,05- 10** 

34 

100 

2.85 

0.013 

5.9- 10'* 

46 

200 

3.86 

0.013 

1.3-10“ 

36 

HVP-50  doubled  with 

50 

4.5 

0,086 

9,0-10'* 

40 

NShP-60  through  a 
layer  of  paper' 

TSSh-JO 

0 

3.17 

0.013 

7,3-10" 

33 

50 

4.90 

0,056 

1„9-10<* 

26 

100 

4.20 

— 

1.5-10'* 

31 

200 

4.80 

0,001 

5,2-10'* 

28 

TSSh-30  doubled  with 

50 

5.15 

0.002 

1,4- 10'* 

24 

ShtJ-40 

100 

4.70 

0,069 

5,8-10'* 

30 

TSSh-30  doubled  with 

200 

5,10 

0,0*0 

2.5- 10'* 

23 

50 

5,10 

0,076 

6,2-10'* 

27 

ShN-40  through  a 
layer  of  paper 

TS-35 

0 

3,10 

0.016 

5,2-10** 

39 

50 

3,85 

0,056 

1,6-10** 

30 

100 

4 .85 

— 

8,2-10'* 

34 

TS-35  doubled  with 

200 

4  ,'50 

0.076 

5,9-10** 

35 

50 

3.50 

0.056 

2,2-10'* 

34 

ShBM-UO 

100 

0.081 

2,2-10'* 

33 

250 

3,30 

0,032 

2.2-10" 

35 

TS-35  doubled  with 
lhEM-40  through  a 

50 

1.50 

0,105 

1.3-10'* 

34 

layer  of  paper 
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In  all  cases  a  worsening  of  the  fundamental  electrical 
insulating  properties  with  an  increase-  of  irradiation  ,dose  has 
been  noted.-  Dielectric  permeability  and  the  dielectric  lo^s 
factor  increase.  Volumetric  specific  resistance  is  lowered  (rubber 
TSSh-30).  At  doses  of  irradiation  greater  than  50  Mrad  the' 
electrical  insulating  properties  of  all  investigated  rubbers  in 

a  number  of  indices  deteriorate  significantly.  For  rubber  TS-35 

? 

and  NKF-50  a  lowering  in  breakdown  strength  and  specific  volumetric 
resistance  after  irradiation  was  -not- detected.  . 


The  simultaneous  exposure  to  ioni-zing  radiation  and  increased' 


temperature  deteriorates  the  physicomechanical  properties 

of  cable  rubbers  more  rapidly  (Table  27).  ! 

1 


Table  27.  The  influence  of  the  joint  action  of 
ionizing  radiation  and  Increased  temperature  on 
the  physicomechanical  properties  of, cable 
rubbers'.* 


Material 

1 

Temp . 
with  ir¬ 
radia¬ 
tion  ,  85 

Dose , 
Mrad 

Indices 

M 

T 

L 

l 

TS-35  (insulation 

IS 

n 

0 

■20 

i 

69 

53 

480 

37 

riibber) 

TO 

0 

30 

92 

63 

490 

48 

100 

0 

36 

83  :• 

65  ; 

415 

$0 

18 

50 

24 

50 

61 

-413 

63 

TO  ' 

50 

29 

49 

65 

420 

64 

! 

100  ■ 

50 

22 

27 

63 

256 

24 

ShN-6  (hose  rubber) 

18 

-0 

42 

81 

76 

300 

:11 

TO 

0 

55 

84 

84 

293 

24 

1001 

0 

73 

89 

84 

215 

9 

18 

50 

45 

65 

85 

210 

16 

TO 

50 

— 

66 

SO 

50 

2 

100 

50 

T8 

88 

105 

•  5 

*Dose  yate  P.7  Mrad/hr,  duration  of  irra- 
,  diation  70  hr;  a  -  breaking  strength,  kgf/cm2 ; 

M  -  modulus  at  100S  tension,  kgf/cm2;  T  - 
Shore  hardness;  L  -  relative  elongation,  %;  l 
residual  elongation,  X.  ,  , 

i 

The  results  of  the  testings  of  the  hose  rubber,  taken 
directly  .'from-  irradiated  cable  products ,:  are  given  in  Table  28. 
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Taoie  23.  Influence  of  y-irradiation  on  the  strength 
of  hose  rubbers  in  cables.* 


\ 

0/ 

I 

mm 

| 

1  w 

■ 

■ 

Brand  of  cable 

Types  of 

cd  O 
•H  tj  ! 

i 

i 

[ 

rubber 

Irrad 

tion 

Mrad 

1 

1 

KVD  (hose  without  braid) 

ShN-HO 

0 

63 

372 

19 

with  a  section  16  *  2.5  mm2 

SO 

59 

2**8 

18 

ShN-40 

2C0 

52 

100 

6 

KVD  (hose  over  braid) 

0 

71 

376 

24 

50 

61 

265 

18 

KVD  (hose  under  braid) 

ShN-^O 

200 

35.6 

100 

5 

0 

13  . 

280 

14 

50 

n.s 

COO 

12 

RShN  with  a  section  200  mm2 

ShBM-^O 

200 

0 

20 

33.8 

80 

2C3 

3 

13 

50 

39 

200 

9 

RShN  with  a  section  800  mm2 

HShP-60 

200 

0 

20 

153 

75 

S*0 

4 

14 

50 

111 

590 

18 

200 

i‘»3 

321 

15 

350 

25.3 

175 

10 

*o  -  breaking  strength,  kgf/cm2 ;  L  -  relative 
elongation,  %;  l  -  residual  elongation,  %. 


From  the  preceding  information  it  is  evident  that  after 
irradiation  up  to  doses  higher  than  50  Mrad  the  properties  of 
ruobers  deteriorate  noticeably  and  it  is  already  impossible  to 
guarantee  the  preservation  of  operating  parameters  of  cable 
products.  Rubberized  fabrics  completely  disintegrate  at  irradiation 
doses  greater  than  100  Mrad. 

Dependence  of  e  and  tg  <$  of  some  rubbers  on  the  exposure 
dose  j.n  a  reactor  has  been  studied  in  work  [366]. 

Polysulfide  and  Organic-Silicon 

Compounds 

Polysulfide  elastomers  are  distinguished  from  carbon  chain 
by  a  completely  different  type  of  bond  in  the  main  chain;  it 
consists  of  a  successive  series  of  atoms  of  sulfur  and  methylene 
group  S— S-S— S— ) .  The  physical  properties  of  these 
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materials  show  that  the  interaction  force  between  polar  polysulfide 
groups  is  considerably  weaker  than  between  amide  and  polyester 
groups.  Such  rubbers  undergo  degradation  already  at  very  moderate 
doses  of  irradiation  [328].  In  contrast  to  this  ethylene-propylene- 
polysulfide  rubbers  are  cross-linked  at  comparatively  small  doses 
[413].  The  changes  in  properties  obtained  in  other  experiments 
on  the  irradiation  of  industrial  materials  of  this  types  made 
it  possible  to  assume  [420],  that  cross-linking  takes  place  in 
them  or  only  very  slow  degradation,  whereupon  the  conditions  of 
irradiation  (temperature,  the  possibility  of  access  of  oxygen - 
etc.)  also  exert  a  definite  influence. 

An  example  of  the  structure  of  polymers  with  a  high  degree 
of  replacement,  the  main  chain  of  which  actually  does  not 
contain  hydrocarbon  bonds,  are  the  polysiloxanes  or,  as  they 
are  frequently  called  silicon-organic  polymers: 


-O-Si  (Rj)— O— Si  (Rs)— 


The  radiochemical  yield  of  the  cross-linking  of  methyl 
siloxane  polymers  in  magnitude  was  of  the  same  order  ar  for 
polyethylene  [^21,  422]. 

With  the  exception  of  silicon-organic  polymers,  the  replace¬ 
ment  of  atoms  of  carbon  in  the  main  chain  by  any  others  gives 
rise  to  a  lessening  of  the  pure  yield  of  cross-linking.  This 
is  probably  conditioned  by  acceleration  of  the  process  of 
degradation.  If  in  the  main  chain  of  the  polymer  the  bond  is 
accomplished  through  groupings  containing  certain  electronegative 
atoms,  as,  for  example,  amide  and  polysulfide  groups,  then  such 
a  polymer  will  be  definitely  more  subject  to  degradation. 

Very  little  data  have  been  published  on  the  radiation 
stability  of  electrical  insulation  on  the  basis  of  silicon-organic 


systems.  In  work  R23J  an  investigation  is  made  of  the  action 
of  nuclear  radiations  on  some  electrotechnical  products  with 
silicon-organic  insulation  (electric  motors,  wires,  cables, 
etc.).  The  results  of  testing  cable  products  will  be  presented 
in  the  appropriate  section. 
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THE  SPECIFICS  OF  OPERATION  AMD  EFFICIENCY 
OF  ELECTRICAL  INSULATING  POLYMERIC 
MATERIALS  IN  THE  ZONE  OF  ACTION  OF 
IONIZING  RADIATIONS  (IN  NUCLEAR 
REACTORS  AND  OTHER 
INSTALLATIONS) 

General  Considerations 

Radiation  effects  in  polymers  depend  not  only  on  the  integral 
irradiation  dose  and  radiation  intensity,  but  also  on  a  whole 
series  of  factors  which  characterize  the  conditions  of  irradiation. 
Therefore  during  the  analysis  of  the  behavior  of  an  electrical 
insulatin'g  polymeric  material  in  the  zone  of  action  of  ionizing 
radiation,  for  example  near  the  nuclear  reactor  core,  it  is 
necessary  to  take  into  consideration  the  entire  totality  of 
parameters  which  characterize  the  operating  conditions;  but  in 
this  case  one  cannot  consider  that  the  working  conditions  for 
the  insulation  are  distinguished  from  conventional  only  by  the 
fact  that  besides  the  usually  acting  factors  (the  medium,  tem¬ 
perature,  etc.)  only  the  effect  of  ionizing  radiations  is 
added. 

The  degree  of  the  radiation  effect  and  even  the  very  nature 
of  the  effect  can  depend  to  a  considerable  degree  on  the  negli¬ 
gible  features  of  the  composition  of  the  material;  In  this 
case  the  temperature  dependences  of  some  properties  as  a  result 
of  irradiation  can  change  completely. 

Since  the  structural  imperfections  caused  by  radiation  at 
certain  temperatures  are  relocated  and  irradiation  can  cause  a 
significant  mobility  of  defects  and  atoms,  temperature  has 
great  significance  during  irradiation.  A  temperature  increase 
far  from  always  diminishes  the  degree  of  radiation  effect  on 
some  properties  of  a  material. 


Therefore  when  evaluating  the  specific  properties  of  a  ! 

material  one  cannot  proceed  from  the  fact  that  irradiation  at  i 

a  higher  temperature  has  to  lessen  the  radiation  effect.  Some¬ 
times  annealing  after  irradiation  strengthens,  and  does  not  j 

diminish  the  radiation  effect.  ; 

One  ought  to  keep  in  mind  that  the  temperature  of  the 
irradiated  material  or  product  depends  not  only  on  the  tem¬ 
perature  of  the  medium  in  which  it  is  located;  during  irradia¬ 
tion  in  a  reactor  with  the  powerful  neutron  flux  there  will  be 
a  supplementary  warmup  as  a  result  of  the  absorption  of  intensive 
Y-radiation  accompanying  neutron. 

The  presence  of  radiation  can  radically  change  the  properties 
of  the  environment  in  which  irradiated  product  is  found.  Air  at 
a  sufficiently  high  intensity  of  radiation  is  ionized  and  becomes 

f 

a  conductor.  In  a  reactor  during  the  irradiation  of  air  the 
formation  of  ozone  was  observed  [424].  In  humid  air  a  binding 
of  atmospheric  nitrogen  occurred  [425]  and  under  the  influence 
of  the  nitric  acid  formed  the  materials  were  subjected  to  very 
intensive  corrosion.  The  neutral  medium  -  nitrogen  -  ceases 
to  be  neutral  during  irradiation  as  a  result  of  the  formation  of 
chemically  very  active  oxides  of  nitrogen  even  when  negligible 
tracks  of  oxygen  are  present. 

Since  nuclear  reactors  are  shut  off  periodically  for  main¬ 
tenance  or  repair,  and  also  the  reloading  of  nuclear  reactor 
fuel  elements,  the  temperature  within  the  limits  of  biological 
shield  does  not  remain  constant,  it  undergoes  changes.  With 
a  lowering  of  temperature  the  condensation  of  moisture  from 
tne  air  is  possible;  therefore,  along  with  the  fluctuations  of 
ter.'oera1  ure  the  part  will  be  subjected  to  the  variable  humidity 
of  the  medium. 
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The  efficiency  cf  a  part  in  a  nuclear  reactor  will  depend 
to  a  specific  degree  on  the  radiation  spectrum,  i.e.,  the  energy 
flow  distribution  of  rapid  and  thermal  neutrons,  and  also 
-radiation. 

A  substantial  influence  is  exerted  on  the  permissible  duratio 
of  exploitation  of  a  material  not  only  by  the  integral  flux  of 
irradiation,  but  also  the  dose  rate  or  intensity  of  flux.  In  a 
number  of  cases  irradiation  up  to  one  and  the  same  integral 
dose  leads  to  a  lesser  change  in  properties  in  an  undesirable 
direction,  if  the  dose  rate  is  great;  for  instance,  during  the 
irradiation  of  cables  with  plastic  insulation  in  air  the  deteriora 
tion  in  characteristics  will  be  less  at  a  greater  dose  rate  than 
at  low  because  the  oxidation  process  will  be  expressed  less. 

If  the  intensity  of  irradiation  is  not  great,  then  for  ensuring 
efficiency  up  to  the  same  integral  dose  the  use  of  hermetically 
sealed  shells  can  be  required  or  even  the  placing  of  the  cable 
into  an  inert  medium. 

One  ought  to  keep  in  mind  that  the  operating  characteristics 
of  a  product  v* th  electrical  insulating  polymeric  material 
will  be  changed  during  irradiation. 

The  resistance  of  electrical  insulation  on  the  basis  of 
polymers  can  diminish  during  the  irradiation  of  a  product  intended 
for  electrotechnical  application  by  several  orders  of  magnitude 
[35^],  but  the  importance  of  this  change  depends  on  the  purpose 
of  the  given  product.  For  instance,  in  a  cable  the  electro¬ 
conductivity  of  insulation  depends  to  a  known  degree  on  the 
polarity  of  the  direct  voltage  applied  between  the  current- 
carrying  core  and  the  screen.  It  has  been  revealed  that  with 
a  positive  polarity  of  the  current-conducting  core  with  respect 
to  the  screen  conductivity  was  higher  than  in  the  case  of 
reverse  polarity.  Furthermore,  under  the  influence  of  Intensive 


radiation  on  the  insulated  conductor  between  the  core  and  the 
screen  a  potential  difference  is  permissible,  the  magnitude  of 
■which  depends  both  on  the  integral  dose  of  irradiation  and  on 
the  semiconductor  properties  of  the  insulation  which  appear 
during  irradiation. 

Let  us  examine  the  basic  considerations  about  the  applica¬ 
bility  of  polymeric  materials  as  insulation  for  wires,  cables, 
and  other  electrotechnical  and  radio  engineering  products  intended 
for  exploitation  under  conditions  of  irradiation. 

As  was  noted  in  the  beginning  of  this  section,  radiation 
effects  in  polymeric  materials  depend  on  the  integral  dose  of 
irradiation  and  radiation  intensity.  Therefore  it  is  advantageous 
to  examine  in  somewhat  more  detail  the  influence  of  both  these 
parameters  on  the  electrophysical  characteristics  of  polymers 
taking  into  account  the  reversible  and  irreversible  effects 
caused  by  irradiation. 

Reversible  Electrophysical 
Processes 

A  typical  example  of  a  reversible  radiation  process  is  the' 
electroconductivity  induced  by  ionizing  radiation. 

A  significant  number  of  works  [364,  365,  426-429,  430-432] 
have  been  published  on  the  influence  of  hard  electromagnetic 
(X-ray  and  y-radiation)  radiation  on  the  electroconductivity  of 
various  organic  dielectrics.  Subsequent  works  had  the  goal 
to  establish  the  mechanism  for  radiation  electroconductivity, 
however,  the  information  obtained  is  still  insufficiently 
complete  [433]. 
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In  the  absence  of  irradiation  through  a  sample  of  polymer 
placed  between  two  electrodes  a  small  current  flows  which  is 
proportional  to  applied  voltage  (leakage  current  or  dark  current) 
and  is  caused  by  the  disorderly  thermal  excitations  of  a  small 
share  of  the  valence  electrons  being  thrown  over  to  the  levels 
of  conductivity.  During  irradiation  the  current  increases  rapidly 
(but  not  instantly).  The  difference  between  these  currents  is 
called  the  induced  current  ix;  the  latter  is  conditioned  by  the 
appearance  of  free  electrons  and  free  holes  in  the  bulk  of  the 
dielectric  under  the  influence  of  ionizing  radiations  [426]. 

The  currents  of  dark  and  radiation  conductivity  increase 
with  an  increase  of  temperature,  but  differently,  which  attests 
to  the  different  mechanism  for  these  forms  of  conductivity 
(Fig.  37). 


Fig.  2?.  Temperature  dependence 
ox,  of  activation  energy  of  dark 

conductivity  (EQ)  and  induced 

conductivity  (Ex)  In  polyethylene. 


At  high  voltages  the  currents  both  of  dark  and  radiation 
conductivity  are  proportional  to  applied  voltage,  i.e.,  are 
subordinated  to  Ohm's  law.  Nevertheless  there  are  findings 
[354]  chat  at  lew  voltages  the  volt-ampere  characteristics  bear 
a  nonlinear  nature  and  are  similar  in  form  to  the  characteristics 
of  a  crystal  rectifier. 

At  an  assigned  voltage  the  current  of  radiation  conductivity 
ix  depends  on  the  intensity  of  radiation  J  according  to  the 
following  law: 


(121) 


i 

| 

where  k  -  the  proportionality  factor;  n  -  exponent,  the  magnitude  , 

of  which  is  changed  from  0.5  to  1.0  for  various  polymers  (Table 

29). 


Table  29.  The  parameters  of  induced  conductivity  of  various 
polymers  [43*1]. _ _ _ _ 


Polymer 

n 

Induced 

conductivity 

(o-cm)”1  at 
20°C  and 

8  r/s 

Decay  time 
of  induced 
conductivity 
at  20°C 

Polymethyl  methacrylate 
(plasticized) 

1.0 

3  *  ID'18 

45  s 

Polyethylene  terephthalate 

0.83 

6  x  10"20 

8.5  h 

Polyethylene 

0.81 

9  x  10-17 

7.5  min 

Polystyrene 

0.65 

2  x  1<T18 

13  h 

Poly tetraf luoroe thy lene 

0.63 

3  x  10-17 

19  h 

Polymethyl  methacrylate 
(unplasticized) 

0.55 

2  x  lo-18 

2'4  h 

The  typical  dependence  of  i  on  time  during  irradiation  and 
after  termination  of  the  latter  is  shown  in  Fig.  28. 


Fig.  28.  The  dependence  of 
induced  current  1  on  time  t 

for  a  polymer  subjected  to  the 
influence  of  ionizing  radiation. 
KEY:  (a)  Effect  of  radiation; 

(b)  After  the  termination  of 
radiation. 


It  is  important  to  emphasize  that  the  reversible  effects 
are  determined  basically  by  the  intensity  of  radiation  (dose 
rate)  and  depend  weakly  on  the  integral  dose  of  irradiation 
(it  goes  without  saying  within  those  limits  when  the  properties 
of  the  material  still  were  not  changed  very  strongly  as  a  result 
of  irradiation) . 

Irreversible  Electrophysical 
Processes 

To  the  number  of  irreversible  processes,  u?ong  with  those 
noted  above  in  section  1  Chapter  ill,  one  should  add  certain 
changes  in  the  electrophysical  properties  of  polymers.  These 
changes  are  important  since,  on  the  one  hand,  polymeric  electrical 
insulating  materials  can  be  used  as  the  insulation  for  cables 
and  other  products  of  electrotechnical  application  intended 
for  exploitation  in  nuclear  reactors  or  other  apparatuses  which 
are  radiation  sources  and  are  subjected  to  irradiation  at  a 
low  intensity  of  flow,  but  for  a  comparatively  long  time;  on 
the  other  hand,  irradiated  polyethylene  (and  some  other  polyo¬ 
lefins)  are  used  as  thermoresistant  insulation  which  is  subjected 
to  elevated  temperatures  (150°C  and  more)  for  a  long  time. 

A  series  of  investigations  [328,  351*,  ^35,  ^ 383  made  it 
possible  to  establish  that  during  irradiation  the  conductivity 
of  insulation  material  increases  somewhat  up  to  a  value  determined 
by  the  magnitude  of  the  radiation  flux  intensity.  This  value 
remains  practically  constant  in  the  course  of  irradiation  right 
up  to  the  beginning  of  the  development  of  breakdown  at  a  certain 
saturated  absorbed  dose,  when  conductivity  again  begins  to 
increase.  In  Table  30  the  values  are  given  for  the  integral 
neutron  fluxes  which  cause  electrical  failure  for  a  number  of 
insulation  materials. 
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Table  30.  The  doses  which  correspond  to  the 


development  of  spontaneous  breal 

{down. 

Polymer 

Dose,  10ia 
neutron/cm^ 

Polyethylene 

10 

Polyvinyl  formal 

2 

Polytetrafluoroethylene 

5 

Polyvinyl  chloride 

1.9 

Silicon-organic  rubber 

4 

Natural  rubber 

1.3 

Polychloroprene 

3 

Polychlorotrifluoroethylene 

1.0 

During  prolonged  irradiation  of  a  dielectric  progressively 
developing  process  caused  by  the  ionizing  radiations  begin  to 
be  applied  to  the  usual  processes  of  aging  and  electrical  break¬ 
down.  Both  in  the  dielectric  itsolf  and  in  the  environment 
(for  instance,  in  air)  processes  of  ionization  occur  as  a  result 
of  which  leakage  currents  increase  and  there  is  an  increase  in 
the  probability  of  surface  discharges  due  to  the  presence  of 
contaminations.  As  a  result  breakdown  voltage  and  the  flash- 
over  voltage  of  the  insulator  across  the  surface  are  reduced. 

In  connection  with  the  low  thermal  conductivity  of  insula¬ 
tion  and  the  increased  heat  evolution  due  to  the  leakage  currents 
in  the  case  of  direct  voltage  or  dielectric  losses  with  alterna¬ 
ting  current,  which  increase  as  a  result  of  an  increase  in 
conductivity  with  an  increase  in  temperature,  thermal  equili¬ 
brium  in  the  material  is  disturbed  and  its  temperature  is  raised. 

In  polymers  in  this  case  supplementary  effects  appear  which 
are  connected  with  the  formation  of  new  ions  and  free  radicals. 
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These  phenomena  not  only  influence  electroconductivity  during 
irradiation  (reversible  effects),  but  can  also  entail  undesirable 
irreversible  changes  in  physical  and  mechanical  properties, 
since  they  are  accompanied  by  the  liberation  of  various  gases 
(hydrogen,  low-molecular  hydrocarbons).  The  internal  voids 
ana  gas  inclusions  formed  during  this  weaken  the  electrical 
strength  of  the  dielectric  and  can  be  the  reason  for  the  appearance 
of  internal  discharges.  In  the  presence  of  air  (oxygen)  the 
dielectric  is  oxidized;  the  polar  groupings  formed  substantially 
deteriorate  the  electrical  properties  of  the  material. 

The  contribution  of  irreversible  radiation  processes  is 
determined  basically  by  the  integral  absorbed  dose  and  depends 
to  a  considerable  extent  on  the  conditions  of  irradiation  (the 
medium,  temperature,  and  others). 

The  Efficiency  of  Electrical 
Insulating  Polymeric  Materials 
Under  Conditions  of 
Irradiation 

When  selecting  electrical  insulating  materials  for  electro¬ 
technical  products  which  are  used  in  the  zone  of  action  of  high- 
energy  ionizing  radiation  it  is  necessary  to  take  Into  considera¬ 
tion  two  fundamental  limiting  factors:  the  radiant,  flux,  which 
considerably  shortens  the  period  of  service  of  the  products, 
and  the  temperature  (being  defined  both  by  the  ambient  temperature 
and  radiation  warmup),  which  accelerates  the  destruction  of 
some  polymers  or  generally  preventing  the  use  of  others. 

The  polymers  produced  today  on  industrial  scales  for 
uninterrupted  service  directly  In  a  nuclear  reactor  :ore  are 
suitable  for  quite  a  limited  time;  this  is  connected  with  the 
fact  that  in  most  cases  polymers  with  an  acceptable  radiation 
stability  are  insufficiently  thermoresistant ,  and,  on  the  contrary. 
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thermoresistant  polymers  have  a  very  low  radiation  stability, 
especially  in  the  presence  of  oxygen.  Near  the  core,  i.e., 
outside  its  lirits  but  inside  the  biological  shield,  the  values 
of  temperature  and  radiant  fluxes  are  more  moderate;  therefore, 
in  a  number  of  cases  it  is  possible  to  use  polymeric  insulation 
with  a  periodic  or  short-time  use,  for  example  in  measuring  and 
control  cables,  and  also  in  the  power  cables  of  devices  for 
extraction  an*,  reloading  of  nuclear  reactor  fuel  elements.  There 
are  the  othe-  uses  in  which  insulation  is  subjected  to  irradiation 
which  is  beyond  the  limits  of  the  biological  shield  of  the 
nuclear  reactor  or  generally  outside  of  a  connection  with  the 
work  of  a  nuclear  reactor,  for  example  wires  and  cables  mounted 
on  powerful  isotope  radiation  sources  or  on  industrial  equipment 
for  the  .processing  of  nuclear  fuel  and  separation  of  fission 
fragments.  In  these  cases  both  the  temperature  and  flows  have 
still  smaller  values  and  it  is  possible  to  expect  that  polymeric 
insulation  will  possess  a  sufficiently  prolonged  service  life. 

Table  31  [329]  gives  the  maximum  values  of  temperatures 
and  flows  which  are  characteristic  for  contemporary  power 
reactors. 


Table  31.  Temperature  and  radiation  conditions  in 
reactors. _ _ _  _ 


Maximum  value 

Characteristics 

In  the  core 

Outside  the  core 

Thermal  neutron  flux, 
2 

neutron/ (cm  *s) 

lO1^ 

107-1010 

Fast  neutron  flux, 

neutron/(cm  *s) 

2.5  x  I0li4 

— 

Flow  of  y-auanta, 
rad/h 

106-1012 

io1* 

Temperature,  °C 

250-500 

j 

100 

1 
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Before  selecting  the  insulation  material  which  is  suitable 
for  exploitation  under  conditions  of  irradiation  it  is  desirable 
to  obtain  maximally  precise  information  relative  tq  the  intensity 
and  the  spectral  composition  of  radiation,  operating  temperature 
of  the  installation,  temperature  and  nature :of  the  medium,  , 
required  parameters  of  the  product  (the  type  of  current  and  ■ 
voltage,  insulation  resistance,  and  others);  the  minimally 
permissible  service  period  of  the  product,  the  conditions  of 
assembly  and  exploitation  (in  the  case  of  cable  products  -  fixed 

t 

or  flexible  assembly,  uninterrupted  or  periodic  irradiation, 
etc.).  If  periodic  irradiation  is  assumed  it  is  necessary  to 
evaluate  the  number  of  requireu  cycles  of  operation.  On  the 
strength  of  this  information,  and  also  on  .the  basis  of  known  data 
on  the  behavior  of  various  polymeric ‘materials  in. the  zone  of 
action  of  ionizing  radiations,  it  is  possible  ,in  most  cases  to 
select  adequate  material  for. electric  insulation.  However,  in-  ' 

this  case  it  is  necessary  to  introduce  sufficient  factor  of 

»  » 

assurance  in  order1 to  compensate  for  the  uncertainty  introduced 
by  calculation  in  the  absorbed  doses  received  by  the  product 
because  of  various  components  of  the  reactor -radiation  whiqh 
have  a  complex  spectral  composition.  ' 

I  ’ 

.  :  : 

Some  characteristics  Tor  the  use  in  question  of  properties 

of  a  number  of  polymeric  materials  are  given ‘in  Table;32.:  The 
temperatures  of  operation  are  Indicated  on  the  ba,sis  of  the  ' 
results  of  the ‘practical  use  of  these  polymers.  The  maximum 
permissible  doses' of  irradiation  af’.e  given  in  rads.  For  the 
characteristics  of  the  last  parameter  two  figures  are  given: 
one  is  based  op  the  results  of  electrical  tests  carried  out  With  ’ 
the  fixed  assembly  of  products,  and  the  second  corresponds  to 
either  a  decrease  in  tensile  strength  or  relative  elongation  by  1 
50%  from  the  original  value.  The  numerals,  based  on  the  .results 
of  physicomechanical . tests  are  applicable  in  cases  when  the  product 
is  subjected  to  bending  during  exploitation.  In  this  table  data 
are  given  on  the  cross , section  of  capture  of  thermal  neutrons; 
these  figures  characterize  the  degree  of  induced  radioactivity  In 
product  after  It  underwent  irradiation  by  neturons. 
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When  developing  cable  products  intended  for  exploitation  in 
a  nuclear  reactor  or  another  similar  installation  it  is  necessary 
to  take  into  consideration  a  number  of  specific  considerations. 

1.  Radiation  oxidation.  If  the  insulation  during  exploita¬ 
tion  is  freely  exposed  to  air,  then  the  radiochemical  changes 
in  some  polymers  will  be  accompanied  by  oxidation.  Such  oxida¬ 
tion  can  be  averted  by  addition  into  the  polymer  of  special 
antioxidants,  however,  even  here  the  protective  action  is  expressed 
for  a  limited  time.  Therefore  it  is  necessary  to  limit  the  access 
of  oxygen  to  the  insulation  with  the  aid  of  a  barrier  layer, 
for  example  in  the  form  of  a  supplementary  plastic  protective 
sheil. 


2.  The  products  of  radiolysis  which  cause  corrosion.  Some 
polymers,  for  example  polyvinyl  chloride  and  polytetrafluoroe- 
thylene,  during  irradiation  liberate  substances  which  possess 
the  capacity  to  cause  corrosion;  therefore  it  is  not  desirable 
to  use  them  in  all  cases,  with  the  exception  of  irradiation  by 
particularly  low  doses.  The  small  quantities  of  hydrogen  and 
methane  liberated  by  some  polymers  (for  instance  by  polyethylene) 
are  harmless,  these  materials  can  be  used  for  exploitation  m 
very  Intensive  radiation  fields. 

3.  Induced  radioactivity.  With  cables  which  are  subject 

to  irradiation  In  a  reactor  sometimes  it  is  necessary  to  manipulate 
them  for  a  while,  therefore  It  Is  desirable  that  the  radio¬ 
activity  induced  in  them  during  irradiation  by  neutrons  be  minimum. 
Generally  speaking  the  basic  fraction  of  induced  radioactivity 
in  cable  Irradiated  by  neturons  is  conditioned  by  the  material 
of  current-conducting  core  and  the  screening  braid,  and  also  by 
admixtures  which  are  almost  always  present  in  all  cable  materials. 
Table  33  shows  the  calculating  atomic  composition  of  cable  with 


r 

I 

polyethylene  insulation  and  a  copper  tin-plated  core  and  the 

general  radioactivity  induced  in  it  is  evaluated  for  a  four- 

12  2 

wee«  stay  in  a  thermal  neutron  flux  of  -vlQ  neutrons/ (cm  *s), 

1  S 

i.e.,  after  irradiation  to  an  integral  flux  of  ^2.5*10 
neutrons /cm^. 


Table  33.  The  atomic  composition  and  induced  radioactivity  in  a 
cable  with  polyethylene  insulation. _ _ _ 


Element 

Weight  per  ] 
1  m  of 
cabDe,  g 

1 

Activity  per( 

1  m,  mCi* 

Half-life  of 
the  main 

right  after 
irradiation 

in  two  weeks 

"isot  ope 

C 

18. HU 

Het 

Het 

- 

H 

2.998 

Het 

Het 

- 

N 

0 . 0009 

0.030 

0.030 

5U00  years 

Cu 

31.272 

20.300 

Neglible 

12.8  h 

3n 

0.32 

i 

1.75 

The  same 

27  h 

Ca 

0.00011 

0.005 

o.oou 

16U  days 

Pe 

0.00016 

0.00016 

0.00001 

29U  years 

Pb 

0.00003 

Neglible 

Neglible 

- 

Ni 

0.00019 

C.00?1 

0.00019 

256  h 

Co 

0.00003 

0.003 

0.003 

5.25  years 

Ag 

0.00006 

!  6.8 

0.0006 

270  days 

*mkyuri  (millicurie)  -  that  quantity  of  any  radioactive 
substance,  in  which  3./-107  dis/s. 


It  is  evident  tnat  the  activity  of  an  irradiated  cable 
drops  quite  rapidly  in  time,  if  the  structural  elements  or 
admixtures  do  not  contain  isotopes  with  .a  large  effective  cross 
section  of  capture  of  thermal  neutrons  and  an  average  half-life. 

The  considerations  noted  above  must  be  taken  into  considera 
tion  when  developing  and  selecting  cable  and  other  Droducts  of 


The  radiation  stability  of  insulation  polymeric  \ 

\ 

Class  of 
material 

Material 

Permissible 
dose  of 
irradiation, 

Mr  ad 

Solid 

Diphenyl  siloxane  reinforced  by  fiberglass 

10,000 

molded 

Epoxy-phenol  resin  with  mineral  filler 

10,000  ; 

materials 

Polystyrene 

5,000 

Phenolic  resins  with  mineral  filler 

4,000 

Solid 

Epoxide  resin  reinforced  by  glass  cloth 

4,000 

molded 

Nylon 

2,000 

materials 

Polyethylene 

2,000 

Polystyrene,  impact 

2,000 

Phenolic  resins  with  cellulose  filler 

1,000 

Melamine  and  urea-formaldehyde  resins 

1,000 

Nonreinforced  phenolic  resin 

500 

Polyethylene  terephthalate 

500 

Cellulose  acetate 

50 

Polymethyl  methacrylate 

50  .  ; 

Polytetraf iuoroethylene 

5  i 

Rubbers 

Polyvinyl  chloride  plasticized 

500  ! 

and 

Polyurethane 

400  i 

elastomers 

Butadiene-styrene  rubber  with  the 

300  | 

addition  of  antirad 

Polypheny lmethy Is iloxane 

200  ; 

Neoprene 

150 

Natural  rubber 

150 

Polyacrylonitrile 

100 

Polysulfide 

80 

Polydimethylslloxane 

30 

Poly isobutylene 

20 

Lacquers 

Diphenyl  siloxane 

5,000 

Aniline- formaldehyde  lacquer 

5,000 

Vinylcarbazole 

4,000 

Composition  on  the  basis  of  petroleum 

bitumens 

2,000 

Polyurethane 

1,000  i 

On  the  basis  of  alkyd  resins 

500  i 

On  the  basis  of  phenol-formaldehyde  resins 

500  *  I 

Vinyl  butyral 

400  ; 

Vinyl  acetal 

400  1 

Cellulose  nitrate 

100  i 

Cellulose  butyrate 

1  50 

Liquids 

Polyphenyls 

1  5,000 

•Petroleum  oils,  radiation  resistant 

2,000 

Transformer  oil  (naphthenic) 

1,000 

Transformer  oil  (paraffinic) 

500 

Silicone  oil 

2C0 

Gases 

Sulfur  hexafluoride 

5,000 

Difluorodichloromethane  (Freon) 

1,000  ! 

Trif luoromonochloroethylene 

!  500 

Perfluoropropylene 

100 

! 
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electrotechnical  application  intended  for  exploitation  in  fields 
of  ionizing  radiations  in  general  and  in  a  nuclear  reactor  in 
particular. 

Table  [*)39,  ^AO]  gives  the  composite  data  on  the  change 
in  various  properties  of  plastics  and  elastomers  when  exposed 
to  ionizing  radiations. 

THE  BEHAVIOR  OF  ELECTRICAL 
INSULATING  MATERIALS  UNDER 
THE  CONDITIONS  OF  SPACE 

The  mastering  of  space  significantly  complicated  the  totality 
of  requirements  presented  for  electrical  insulating  materials 
used  in  airborne  cable  systems  and  also  in  electrical  and  radio 
equipment . 

The  efficiency  of  space  vehicles  in  orbit  depends  completely 
on  the  normal  functioning  of  electrotechnical  and  radio-electronic 
eauipment;  therefore  an  analysis  of  the  operating  conditions  in 
space,  and  also  the  peculiarities  of  behavior  of  various  polymeric 
materials  under  these  conditions  is  f  significant  interest. 

In  the  solution  of  technical  problems  space  is  understood 
as  the  area  through  which  space  vehicles  have  to  pass  when  going 
into  orbit  and  during  the  subsequent  movement  around  the  earth, 
and  also  for  the  attainment  of  other  celestial  bodies.  The 
number  of  fundamental  factors  specific  for  the  conditions  of 
space  include:  1)  vacuum  and  a  vacuum  -  temperature  combination  ; 
2)  ultraviolet  radiation;  and  3)  corpuscular  radiation. 

The  concrete  data  examined  below  on  the  behavior  of  various 
materials  under  these  specific  conditions  are  characteristic 
only  for  the  limited  field  of  space  which  stretches  from  the 
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minimum  altitude,  at  which  man-made  satellites  are  launched, 
i.e.,  about  200  km  and  up  to  the  orbits  of  Venus  and  Mars.  An 
important  feature  of  this  area  is  its  unhomogeneity:  the 
composition  of  the  atmosphere,  micrometeorite  concentration, 
the  flows  of  corpuscular  radiation  are  different  by  ten  thousand 
times.  Thus  even  such  a  comparatively  narrow  area  of  space 
cannot  be  described  by  any  specific  totality  of  several  most 
important  parameters.  Furthermore  during  the  analysis  of  the 
properties  of  materials  in  space  one  has  to  take  into  account 
the  specific  effects  conditioned  by  the  spacecraft  itself,  for 
example  vibration,  acceleration,  high  temperatures,  etc. 

Finally  an  important  factor  which  characterizes  near  space 
is  the  presence  of  the  Van  Allen  belts  of  the  earth,  discovered 
in  1958  during  the  flights  of  the  third  Soviet  artificial  earth 
satellite  (launched  15  May  1958)  and  the  American  satellites 
"Explorer  I"  and  "Explorer  III"  [’141] . 

Let  us  examine  consecutively  the  influence  of  the  fundament 
factors  which  characterize  the  conditions  of  space  on  the 
behavior  of  various  materials. 

Factors  Which  Characterize 

The  Conditions  of 

Space 


Vacuum  and  a  Vacuum  - 

Temperature 

Combination 

A  vacuum  should  be  considered  as  one  of  the  factors  of 
external  influence  which  exerts  an  evidently  expressed  gradually 
showing  influence  on  materials. 

In  space  the  vacuum  is  very  high  and  apparently  pressure 
.  -ip 

comprises  less  than  10  mm  Hg.  In  proportion  to  removal  from 
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the  surface  of  the  earth  pressure  is  lowered  from  lO"5  to  10 

-12 

mm  Hg  at  an  altitude  of  about  200  km  and  up  to  10  mm  Hg  at 
an  altitude  greater  than  7000  km. 

It  is  known  that  the  stay  of  materials  in  a  deep  vacuum  can 
be  significantly  expressed  on  their  structure  and  properties: 
some  materials  (for  instance  some  polymers)  can  decompose  under 
these  conditions,  whereas  others  (inorganic  compounds  and  metals) 
possess  the  capacity  to  sublimate.  The  actual  stay  of  a  material 
in  a  high  vacuum,  if  it  is  not  accompanied  by  decomposition.  Is 
expressed  to  a  lesser  degree  on  the  deterioration  of  its  char¬ 
acteristics  than  a  stay  in  ordinary  atmosphere  (corrosion  and 
some  other  ill  effects  are  absent). 

The  losses  of  weight  of  simple  inorganic  compounds  in  a 
vacuum  can  be  calculated  from  Langmuir's  equation  just  as  for  5 

individual  elements  with  the  only  difference  that  one  ought  to  ? 

take  into  account  the  pressure  not  only  of  the  vapors  of  the 
compound  itself,  'out  also  the  gaseous  products  of  its  decomposi¬ 
tion  [M2]. 

The  rate  of  loss  of  weight  of  low-molecular  organic  substances 
in  a  vacuum  can  be  calculated  by  the  substitution  of  the  known 
values  of  the  pressure  of  their  vapors  Into  the  Langmuir  equation. 

However,  the  majority  of  organic  substances  used  during  the  j 

preparation  of  space  vehicles  are  complex  high-molecular  compounds 
which  upon  vaporization  do  not  decompose,  but  undergo  degrada¬ 
tion,  i.e.,  the  breaking  of  the  main  chain  of  the  polymer  with 
the  formation  of  more  or  less  volatile  fragments.  The  molecular 
weights  of  such  fragments  are  not  accurately  established,  and 
for  the  majority  of  polymers  the  values  of  the  decomposition 
temperatures  are  known  very  approximately.  Because  of  the 
indicated  reasons  it  is  not  usually  possible  to  use  Langmuir’s 
equation  relative  to  polymeric  materials  and  in  practical  activity 


it  is  necessary  to  be  based  on  the  results  of  direct  experiments 
for  determination  of  the  loss  of  weight  by  a  sample  made  of  a 
given  material  under  assigned  conditions. 

Table  35  [4^2]  gives  the  values  of  the  temperatures  at 
which  the  loss  of  the  weight  of  material  in  high  vacuum  comprises 
10?  a  year. 

The  degradation  of  organic  matter  occurs  not  only  in  the 
surface  layers  of  a  polymer,  but  also  in  its  entire  volume.  The 
presence  of  small  quantities  of  admixtures  and  additives,  for 
example  the  residues  of  a  catalyst,  can  considerably  accelerate 
degradation. 

A  special  problem  can  arise  when  volatile  substances,  for 
example  the  products  of  degradation,  are  subjected  simultaneously 
to  the  influence  of  a  deep  vacuum  and  significant  temperature 
drops.  In  this  case  they  can  be  vaporized  from  the  hot  surface 
and  be  condensed  in  the  form  of  an  insulating  layer  on  the  colder 
surface,  thereby  substantially  changing  the  thermal  conductivity 
or  the  electroconductivity  of  a  part,  which  disturbs  the  normal 
operation  of  the  equipment.  When  using  polymers  it  is 
sometimes  possible  to  use  protective  coatings;  they  will  avert 
the  volatilization  of  the  products  of  degradation  and  partly 
facilitate  their  recombination. 

The  loss  of  weight  by  polymers  in  a  vacuum  can  lead  to  signi¬ 
ficant  changes  in  properties:  physi comechanical,  electrophysical, 
optical,  and  also  to  changes  in  dimensions.  It  is  accepted  to 
assume  that  a  loss  of  weight  by  1-2?  still  does  not  cause  such 
changes  in  properties  which  would  noticeably  influence  the  operating 
characteristics  of  the  material.  However,  the  loss  of  weight  by 
lu?  already  can  be  accompanied  by  significant  changes  in  character¬ 
istics,  and  for  this  very  reason  such  a  loss  of  weight  was 
selected  as  criterion  in  the  compilation  of  Table  35. 
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Table  35.  The  loss  of  weight  by  materials  in  a  high  vacuum. 


Polymer 

Temperature }  at 
which  10$  loss 
of  weight  a  year 
occurs,  °C 

Polyacrylonitrile 

120 

Polybutadiene 

250 

Rubber  NBR  (copolymer  of  butadiene  with 

150-230 

acrylonitrile) 

Rubber  SBR  (copolymer  of  butadiene  with  styrene) 

240 

Polycarbonates 

l8o 

Cellulose 

130 

Cellulose  acetate 

190 

Cellulose  acetate  butyrate 

170 

Cellulose  nitrate 

40 

Expoxide  resins 

40-240 

Polyesters 

40-240 

Polyethylene  of  high  density 

290 

Polyethylene  of  low  density 

240-280 

Polyethylene  terephthalate 

200 

Poly isobutylene 

200 

Butyl  rubber  (copolymer  of  isobutylene  with 

120 

isoprene) 

Polyisoprene 

190 

Melamine  resin 

190 

Folymethyl  methacrylate 

100-200 

Polymcthyl  acrylate 

40-150 

Methylphenylsiloxane  resin 

380 

Poly-a-methylstyrene 

180-220 

Polychloroprene 

90 

Nylon 

30-210 

Phenolic  resin 

130-270 

Polypropylene 

190-240 

Rubber  natural 

190 

Rubber  silicon-organic 

200 

Po1 vstyrene 

130-220 

Polytetrafluoroethylene 

375-380 

Polyurethane 

70-150 

Polyvinyl  acetate 

160 

Polyvinyl  alcohol 

150 

Polyvinyl  butyral 

80 

Polyvinyl  chloride 

90 

Polyvinyl  fluoride 

270 

Copolymer  of  vinylidene  fluoride  with  ; 

250 

hexaf luoropropylene  ; 

Polyvinyl  toluene 

200 
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It  should  be  noted  that  the  volatilization  of  individual 
components  in  space  flows  irreversibly,  since  in  this  case  the 
oounterpressure  which  would  prevent  vaporization  does  not  increase 
the  vaporized  part  of  substance  no  longer  returns  into  the  initial 
mass  of  material. 

Ultraviolet  (Electro¬ 
magnetic)  Radiation 

The  electromagnetic  radiations  which  are  disseminated  in 
space  include  radio  waves,  infrared,  ultraviolet.  X-ray  and 
^-radiation.  The  spectrum  of  solar  radiation  in  the  upper  layers 
of  the  atmosphere  contains  an  ultraviolet  component  with  a  wave¬ 
length  from  1000  up  to  3000  X,  X-radiation  with  a  wavelength  from 
1  up  to  10  X,  and  y-radiation  with  a  wavelength  from  0.01  up  to 
0.1  X.  Precisely  these  components  of  electromagnetic  radiation 
are  of  fundamental  interest  while  the  radiant  energy  of  the 
visible  part  of  the  spectrum  and  especially  infrared  radiation 
are  transformed  into  thermal  radiation  which  facilitates  develop¬ 
ment  and  acceleration  of  processes  of  degradation  of  organic 
materials  which  proceed  under  the  action  of  shortwave  radiation. 


Electromagnetic  radiation  noticeably  influences  only  organic 
electrical  insulating  materials;  inorganic  dielectrics  and 
moreso  metals  are  practically  insensitive  to  this  form  of 
influence. 

During  the  absorption  of  ultraviolet  radiation  by  polymeric 
systems  in  the  high  vacuum  of  space  the  same  processes  flow  as 
during  the  action  of  ionizing  radiation,  but  with  all  features 
inherent  to  photochemical  processes  (see  p.  30). 

To  the  fraction  of  ultraviolet  radiation  it  is  necessary 
to  attribute  on  the  average  of  5?  of  the  total  energy  of  the 
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spectrum  of  solar  radiation.  The  terrestrial  atmosphere  with 
respect  to  solar  radiation  acts  as  a  unique  filter,  and  there¬ 
fore  radiation  with  a  wavelength  shorter  than  2900  ft  practically 
do  not  reach  the  surface  of  the  earth.  Exactly  that  part  of 
the  radiation  which  is  filtered  out  in  the  upper  layers  of  the 
atmosphere  also  causes  the  greatest  damage  to  materials  in  space. 
The  quantum  energy  of  radiation  with  a  wavelength  of  1000  ft 
comprises  12.4  eV,  2000  ft  -  6.2  eV,  and  3000  ft  -  4.14  eV.  Hence 
it  is  apparent  that  radiation  with  a  wavelength  from  1000  up  to 
2900  ft  possesses  the  greatest  energy  in  the  spectrum  of  ultra¬ 
violet  radiation,  although  to  it  is  attributed  altogether  only 
0.2%  of  all  the  energy.  Knowing  that  destructive  influence  which 
under  terrestrial  conditions  radiation  with  the  greatest  wave¬ 
length  and  therefore  lesser  energy  exerts  on  polymeric  materials 
it  is  easy  to  imagine  how  difficult  the  operating  conditions  are 
for  these  materials  in  space. 

It  has  been  established  that  oxygen  catalyzes  the  processes 
which  flow  in  plastics  under  the  influence  of  ultraviolet  radia¬ 
tion  by  accelerating  degradation.  In  a  vacuum,  where  oxygen 
is  practically  absent,  under  regulated  temperature  conditions 
the  processes  of  decomposition  are  noticeably  retarded.  However, 
in  the  vacuum  of  space  such  a  retarding  due  to  the  absence  of 
oxygen  is  not  observed  as  a  result  of  the  heating  of  the  material 
caused  by  the  absorption  of  infrared  rays. 

Corpuscular 

Radiation 

The  influence  of  corpuscular  radiation  on  plastics  is 
developed  only  when  the  particles  cause  a  change  in  material  as 
a  result  of  ionization  and  excitation.  The  mechanism  for  the 
interaction  of  high-energy  radiation  with  substance  is  examined 
comprehensively  in  section  1  Chapter  I  and  can  be  extended  com¬ 
pletely  to  the  case  of  corpuscular  radiation  in  space. 


THE  EFFICIENCY  OF  ELECTRICAL 
INSULATING  POLYMERIC 
MATERIALS  UNDER  THE 
CONDITIONS  OF  SPACE 

In  space  insulation  materials  can  be  subjected  both  *"o  direct 
and  to  indirect  radiation  exposure.  The  -greater  part  of  electro¬ 
technical  and  radio-electronic  equipment  is  disposed  inside  the 
spacecraft.  Some  forms  of  equipment  are  placed  inside  the  ship 
in  hermetically  sealed  sections;  here  the  only  factor  which 
complicates  the  operating  conditions  of  equipment  is  its  heating 
as  a  res-.it  of  heat  release.  The  temperature  inside  the  ship 
is  regulated  with  the  help  of  the  radiating  coverings  arranged 
on  the  outside.  Furthermore  temperature  control  is  carried  out  by 
automatically  opening  and  closing  louvers  which  are  triggered 
during  passage  of  the  ship  on  various  sections  of  orbit  which 
correspond  to  the  minimum  and  maximum  temperatures . 

The  influence  of  vacuum  on  electrical  insulating  materials 
as  a  rule  is  not  catastrophic.  In  a  number  of  products  of  gas 
evolution  from  plastics  usually  admixtures  are  present,  for 
example  unreacting  monomers  and  highly  volatile  products  of  the 
main  and  side  reactions,  absorbed  moisture,  gases,  and  vapors, 
technical  admixtures,  for  example  oils  and  waxes,  and  also 
plasticizers  with  a  high  vapor  pressure. 

The  removal  of  admixtures  as  a  result  of  gas  separation 
Improves  the  properties  of  the  insulation.  Volume  resistivity 
and  dielectric  strength  in  this  case  increase,  and  the  dielectric 
power  factor  and  dielectric  permeability  diminish.  However,  with 
a  temperature  increase  up  to  values  which  correspond  to  the 
decomposition  temperature  of  the  material  all  these  characteristics 
are  changed  in  the  opposite  direction.  In  the  polymer  depolymeriza¬ 
tion  and  the  breaking  of  chains  take  place.  The  products  formed 
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have  less  molecular  weight  than  the  initial  polymer  and  therefore 
a  greater  volatility.  Therefore  the  rate  of  loss  of  weight  and 
change  in  dimensions  increase  while  the  electrical  characteristics 
gradually  deteriorate.  Thus  for  the  majority  of  insulation  material 
a  period  of  stay  only  in  a  vacuum  still  does  not  exert  an  ill 
effect  on  electrophysical  properties,  but  a  combination  of  the 
effect  of  vacuum  and  temperature  will  be  expressed  in  a  determined 
manner  on  th^  electrical  characteristics  of  the  insulation  system. 

It  has  been  established  that  some  transparent  insulation 
material  begin  to  absorb  ultraviolet  radiation  quite  strongly 
after  irradiation  for  several  hours.  This  leads  to  the  intensive 
flow  cf  the  processes  of  cross-linking  or  degradation.  In  the 
case  of  cross-linking  electrophysical  properties  are  changed  quite 
weakly  and,  as  a  rule,  to  the  side  of  improvement;  if  degradation 
occurs,  then  the  electrical  properties  are  determined  by  the 
properties  of  the  newly  formed  polymer  which  has  less  molecular 
weight  than  the  initial  material,  and  therefore  reduced  insulating 
qualities.  It  is  also  important  to  note  the  following  effect: 
during  the  absorption  of  ultraviolet  radiation  the  outer  electrons 
in  the  molecules  can  be  dislocated.  Because  of  this  in  short 
intervals  of  time,  but  sufficiently  frequently,  free  radicals 
or  ions  can  be  formed  in  the  material  and  their  presence  can 
condition  the  appearance  of  transient  electric  losses  and  distort 
the  characteristics  of  the  electron  arrangement. 

The  behavior  of  thermoplastic  electrical  insulating  materials 
under  conditions  of  space  has  been  examined  in  work  [M3]. 

The  Influence  of 
Vacuum 


rrcm  the  number  of  thermoplastic  materials  under  conditions 
of  space  extensive  use  is  made  of  nylon  and  polytetrafluorethylene . 
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Fcr  instance  nylon-101  is  a  stable  polymer  whose  characteristics 
are  barely  changed  when  it  is .  kept  in  a' vacuum  at  those  tem¬ 
peratures  which  are  developed  in  an  orbital  satellite.  .This 
polymer  contains  approximately  1%  volatile. components-  which  are 
gradually  removed.  The  other,  admixtures  are  low-molecular 
products  and  absorbed  moisture,  stabilized ,  occluded  gases,  and  , 
vapors.  The  removal  of  all  these  admixtures,  at  temperatures 
below  the  decomposition  temperature  (280HC)  actually  leads  to  an 
improvement  in'  the  physicomeehanical  and  electrophysical  character-! 
istics  of  the  material,  temperature  insi.de  the  orbital  satellite 
rarely  exceeds  120-150°C,  therefbre  nylon  is  a  very  suitable 
material  for  use  'under  conditions  of  space. 

*  |  ■  J 

| 

Various  types  bf  polytetrafluoroethylene  are  distinguished 
by  the  quantities  of  absorbed  moisture,  plasticizer,  softener, 
and  reagents  facilitating  processing  depending  on  form,  the  type 
of  technological  procedure  for  the1  preparation  of  material  and 
its  processing  into  a  product",  thickness,  etc.  ,  These  substances 
can  be  volatilized  in  a  vacuum.  In  such  cases  the  loss  of  weight 
to  2%  still  does  not  lead  to 1  noticeable  changes  .  n  the  dimensions 
of  the  part.  Under  the  joint  influence  of  vacuuri  and  temperature 
a  10?  loss  o*f  weight  per  yeanoccurs  at  ;375-380°C..  The. products 
of  gas  evolution  are. the  result  of  decomposition  and  depolymeriza¬ 
tion.  Polytetrafluoroethylene  can  be  used  under  conditions .  of  • 
space,  but  for  a. limited  duration'  of  stay  in  the  zone  of  high 
radiation.  !  •  ' 


The  Influence  of 

Ultraviolet 

Radiation 


Polyethylene  becomes  brittle  during  the  irradiation  by 
uitravioxet  radiation  with  a  wavelength  shorter  than  4000  ft 
for  several  months.  Under  conditions  of  spac;  chis  effect  is 
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accelerated  as  a  result  of  the  fact  that  the  total  amount  of 
energy  which  belongs  to  the  shortwave  sector  of  the  spectrum 
(x  <  1}  100  %)  is  greater  than  at  the  surface  of  the  earth,  and 
therefore  brittleness  sets  in  after  several  days.  Polypropylene 
behaves  analogously. 

Plasticized  polyvinyl  chloride  after  irradiation  by  ultra¬ 
violet  radiation  with  a  wavelength  less  than  4000  A  acquires 
a  stickiness  and  its  surface  is  discolored.  Under  conditions 
of  space  plasticizers  destroy,  they  are  volatilized,  and  the 
material  becomes  brittle  with  worsened  physical  and  mechanical 
properties.  Polymethylmethacrylate  after  irradiation  by  short¬ 
wave  ultraviolet  radiation  in  a  vacuum  at  normal  temperature 
degrades  and  is  depolymerized .  Under  conditions  of  space  this 
effect  is  accelerated  as  a  result  of  the  temperature  increase 
of  the  plastic  caused  by  the  absorption  of  infrared  rays. 

Transparent  polystyrene  yellows  rapidly  during  irradiation 
by  ultraviolet  radiation. 

The  change  in  the  properties  of  rubber  mixtures  depends 
strongly  on  the  type  of  reactions  flowing  in  them.  Tensile 
strength  and  relative  elongation  can  both  increase  and  decrease. 

For  instance,  strength  and  elongation  of  butadiene-styrene  and 
butadiene- acrylonitrile  rubbers  diminish,  whereas  in  butyl  rubber 
they  increase.  The  magnitude  of  residual  deformation  of  rubber¬ 
like  materials  during  the  combined  effect  of  vacuum  and  temperature 
increases . 

The  Influence  of 

■Corpuscular 

Radiation 

During  irradiation  in  air  polytetraf luoroethylene  degrades 
very  rapidly.  During  irradiation  in  the  absence  of  oxygen  or  in 
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a  poor  vacuum  ( 10"2  to  lO'*4  mm  Hg)  this  polymer  possesses  higher 
radiation  stability  and  to  some  measure  is  able  to  retain  its 
initial  characteristics  at  least  in  the  case  of  very  low  irradiation 
doses.  Irradiation  in  a  high  vacuum  up  to  very  low  doses  increases 
the  strength  of  polytetrafluoroethylene .  During  the  irradiation 
in  a  vacuum  no  lower  than  10  mm  Hg  up  to  very  significant  doses 
degradation  already  flows,  althougn  to  a  moderate  degree.  The 
change  in  tensile  strength  and  relative  elongation  of  polytetra¬ 
fluoroethylene  during  y  -  irradiation  are  given  in  Table  36. 

During  irradiation  in  air  the  threshold  of  damage  for  polytetra¬ 
fluoroethylene  comprises  1.7  Mrad,  and  the  threshold  of  25%  damage 

-  3- 4  Mrad. 


Table  36.  Influence  of  y-irradiation  on  the  characteristics  of 
polytetrafluoroethylene.  _ _ ( _ _ 


^ — - n - 

Conditions  of  irradiation 

Dose,  Mrad 

Relative 
elong ition, 

% 

Tensile 

strength, 

2 

kgf/cm 

Atmosphere 

0 

115 

210 

0.1 

152 

14C 

0.5 

37 

110 

1.0 

21 

90 

5-0 

Br. 

Lttle 

_  ^  i 

Vacuum  (10  mm  Hg) 

1.0 

92  s 

175 

. 

5.0 

73 

140 

51.0 

38 

115 

150.0 

15 

56 

Nylon  possesses  very  high  radiation  resistance  to  the  action 
of  corpuscular  radiation.  The  threshold  of  damage  was  reached 
at  a  dose  of  86  Mrad,  and  the  threshold  of  25%  damage  -  at  a  dose 
of  approximately  1(K  Mrad. 

Polyethylene  withstands  irradiation  up  to  a  dose  of  1000 
Mrad,  and  the  threshold  of  25%  damage  was  reached  at  a  dose  of 
9300  Mrad.  The  radiation  stability  of  polyethylene  films  does 


not  depend  on  thickness.  A  noticeable  change  in  their  properties 
occurs  over  the  range  of  440-870  Mrad.  During  irradiation  in 
air  polyethylene  is  oxidized,  and  therefore  the  final  properties 
of  the  product  depend  on  the  thickness  of  the  product.  The  high- 
density  polyethylene  is  more  susceptible  to  radiation  damage 
than  lov.'-density  polyethylene. 

The  radiation  stability  of  polypropylene  is  lower  than 
polyethylene.  At  an  irradiation  dose  which  corresponds  to  the 
threshold  of  25 %  damage  of  polyethylene,  polypropylene  was 
completely  broken.  Irradiation  up  to  a  dose  of  8700  l'rad  converts 
it  into  a  brittle  material  which  has  completely  lost  its  elonga¬ 
tion  and  barely  preserved  its  strength. 

Polycarbonates  possess  very  high  radiation  stability.  The 
irradiation  dose  at  which  brittleness  is  arleady  so  great  that 
testing  them  on  a  dynamometer  cannot  be  done  comprises  26,000 
Mrad . 


The  characteristics  of  electrical  insulating  materials 
given  above  give  a  general  idea  about  their  suitability  for 
exploitation  under  the  specific  conditions  wnich  are  character¬ 
istic  for  space.  At  the  same  time  when  selecting  material  for 
the  indicated  conditions  it  is  necessary  to  take  into  account 
the  concrete  application  of  the  space  object,  the  duration  of 
its  stay  in  orbit,  and  the  disposition  of  orbit  relative  to  the 
Van  Allen  belts  of  the  earth. 

From  this  viewpoint  there  Is  Interest  in  the  investigations 
carried  out  by  the  "Bell  Telephone  Laboratories"  [444]  relative 
to  the  conditions  in  which  a  communication  satellite  is  found. 

The  present  data  show  that  the  duration  of  stay  of  such  a  satellite 
in  orbit  can  comprise  5-15  years  [445].  The  radiant  flux  fixed 
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v;ith  the  help  of  the  "Telstar  1"  satellite  was  significantly 

higher  than  determined  by  Van  Allen  [A46-448],  Since  the  satellite 

is  found  altogether  only  20%  of  its  total  time  of  stay  in  orbit 

in  the  field  of  the  Van  Allen  belts  of  the  earth,  and  in  the 

other  sections  of  orbit  the  flux  drops  very  rapidly,  then  the 

average  flux  on  the  orbit  of  the  "Telstar  1"  satellite  during  a 

8 

period  of  several  months  comprised  approximately  10 
2 

electrons/(cm  *s)  at  electron  energies  above  200  keV.  During 

the  investigation  of  the  properties  of  materials  an  18-year 

duration  of  operation  of  the  satellite  in  orbit  was  assigned. 

Therefore  the  irradiation  dose  of  electrons  with  a  energy  of 

1  MeV  comprised  1*10^  electrons/ (cm^*s)  x  5-8  *  10^  s  =  5*8  *  10^ 

2 

electrons/cm  .  The  samples  of  all  investigated  materials  before 
and  after  irradiation  were  subje  ted  to  physicomechanical  and 
electrophysical  tests  specified  by  the  appropriate  standards. 

Table  37  contains  ?.  list  of  tested  materials  anu  also  data 
on  the  change  in  their  physicomechanical  characteristics.  '  Some 
materials  after  irradiation  were  so  brittle  that  their  charac¬ 
teristics  could  not  be  determined. 

The  table  shows  that  in  the  majority  of  samples  of  polyethy¬ 
lene  tensile  strength  and  relative  elongation  after  irradiation 
were  lowered.  The  hardness  of  polyethylene  (3)  of  low  density 
remained  almost  invariable,  and  that  of  the  polyethylene  (36) 
pigmented  with  soot  Increased. 

Polypropylene  (7)  and  (8)  became  softer  by  approximately 
25%,  but  tensile  strength  and  relative  elongation  were  considerably 
decreased. 

In  polyamids  (9)— (11)  hardness  and  tensile  strength  noticeably 
increased,  but  relative  elongation  was  almost  wholly  lost. 
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The  characteristics  of  polyethylene  terephthalate  (32) 
and  (35)  after  irradiation  could  not  be  measured. 

In  work  [436]  it  has  been  shown  that  polystyrene  at  relatively 
low  amounts  of  radiation  is  the  most  radiation  resistant  as 
compared  with  the  other  polymers.  Based  on  the  results  of  the 
investigation  for  polystyrene  (1)  hardness  practically  did  not 
change  but  tensile  strength  and  relative  elongation  were  lowered 
by  approximately  50$.  The  copolymer  of  butadiene  with  styrene 
(20)  is  less  resistant  to  radiation  than  polystyrene.  The 
radiation  stability  of  the  copolymer  of  acrylonitrile  with  styrene 
(23)  is  approximately  the  same  as  for  polystyrene  itself. 

Polyurethane  (33)  possess  low  radiation  stability.  This 
elastomer  becomes  solid,  strength  with  rupture  diminishes,  and 
relative  elongation  approaches  zero. 

The  investigation  of  the  electrical  properties  of  these 
materials  showed  the  following. 

Only  in  two  plastics  (whereas  both  on  the  basis  of  styrene) 
dielectric  permeability  is  not  changed  as  a  result  of  irradia¬ 
tion:  in  polystyrene  (1)  and  the  system  styrene-divinylbenzene 
(25).  This  agrees  with  the  results  of  works  [12,  14,  236,  449], 
in  which  it  has  been  established  that  polymers  containing  benzene 
rings,  and  in  particular  those  in  which  this  molecular  grouping 
comprises  a  significant  fraction  of  the  molecule  and  is  located 
in  a  side  chain,  possess  high  radiation  stability  and  are  subjected 
to  the  action  of  ionizing  radiations  to  an  insignificant  degree. 

In  the  other  two  plastics  on  the  basis  of  styrene,  (20)  and  (24), 
the  dielectric  permeability  increases  by  less  than  1.5$.  However, 
in  the  copolymer  of  styrene  with  acrylonitrile  (23)  the  dielectric 
permeability  at  a  frequency  of  1  kHz  increases  by  more  than  6%. 

This  is  conditioned  by  the  fact  that  the  part  cf  the  molecule 
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containing  the  benzene  ring  it  not  retained  and  therefore  the 
substance  is  more  susceptible  to  the  action  of  ionizing  radia¬ 
tion. 


The  dielectric  permeability  of  the  hydrocarbons  of  a  linear 
structure  -  polyethylene  and  polypropylene  -  is  changed  very 
little  (less  than  2%).  Such  small  changes  in  the  properties  of 
aliphatic  polymers  were  already  observed  earlier.  Actually  in 
work  [A50]  when  evaluating  the  radiation  stability  of  polymers 
polyethylene  is  given  preference  over  polystyrene.  Although 
under  the  action  of  ionizing  radiations  the  structure  of  a  polymer 
and  the  nature  of  the  chemical  bonds  between  molecules  is  changed, 
on  the  whole  compensation  which  conditions  a  small  change  in 
properties  occurs. 

In  Fig.  29  it  is  shown  that  the  dielectric  permeability  of 
polyethylene,  polypropylene,  and  polymers  on  the  basis  of 
styrene  both  before  and  after  irradiation  remains  at  a  sufficiently 
low  level.  A  characteristic  feature  of  polyamides  (9)  and  resins 
(10)  and  (11)  is  a  decrease  in  dielectric  pern,  ability  at  a 
frequency  of  1  kHz  after  irradiation  by  electrons;  at  a  frequency 
of  1  MHz  this  effect  is  manifested  more  weakly.  In  Fig.  29  the 
data  for  all  materials  are  given  only  at  a  frequency  of  1  kHz 
because  at  high  frequencies  the  change  is  usually  considerably 
less. 


The  dielectric  permeability  of  polyvinyl  chloride-acetate 
(31)  after  irradiation  by  electrons  increases  noticeably,  probably 
as  a  result  of  the  combined  influence  of  breaks  in  chains  and  the 
appearance  of  the  possibility  of  the  rotation  of  polar  groups. 
Undoubtedly  cross-linking  also  occurs,  but  not  to  such  a  degree 
as  to  compensate  for  the  remaining  effects.  Polyurethane  (33) 
is  the  only  material  whose  dielectric  permeability  at  a  frequency 
of  1  MHz  decreases  more  strongly  than  at  a  frequency  of  1  kHz. 
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Pig.  29.  The  influence  of  irradiation  by  electrons  on  the  di¬ 
electric  permeability  of  polymers  (f  =  1  Khz)  integral  flux 
1 6  2 

5.8.10x  electrons/cnr  (numerals  correspond  to  Table  37): 
i — l  -  nonirradiated.  ■§  -  irradiated. 


Polyurethanes  have  a  complex  molecular  structure  and  contain 
atoms  of  nitrogen  and  oxygen,  and  also  carbonyl  groups  in  chains 
connected  to  the  atoms  of  carbon.  The  cross-linking  induced  by 
irradiation  can  decrease  polarity  at  a  higher  frequency.  Poly¬ 
vinyl  fluoride  (34)  behaves  in  the  same  manner  as  polyurethane 
at  a  frequency  of  1  kHz,  however  the  decrease  in  dielectric 
permeability  at  a  frequency  of  1  MHz  in  it  is  the  same  as  a 
frequency  of  1  kHz. 


The  dielectric  permeability  of  polyethylene  terephthalate 
(32),  which  contains  a  light  stabilizer,  barely  changes  after 
irradiation.  Unfortunately  the  brittleness  of  this  material 
after  irradiation  increases  so  much  that  it  cannot  be  used  as 
insulation. 


All  plastics  are  noticeably  different  in  the  original  value 
of  dielectric  permeability  and  based  on  this  it  is  possible  to 
divide  them  conditionally  into  two  basic  groups:  with  low 


dielectric  permeability,  which  includes  polyethylene,  polypropy¬ 
lene,  and  polymers  on  the  basis  of  styrene,  and  with  high 
dielectric  permeability,  which  includes  all  the  remaining 
materials  given  in  Fig.  29-  Beyond  the  conventional  boundary 
the  value  of  dielectric  permeability  is  taken  equal  to  three. 

It  is  interesting  that  irradiation  up  to  a  high  dose  does  not 
influence  the  relative  affiliation  of  a  material  to  this  or 
that  group,  even  if  it  considerably  diminishes  the  high  values 
of  dielectric  permeability  of  the  materials  of  the  second  group 
(with  a  high  e).  At  the  same  time  plastics  with  low  dielectric 
permeability  are  most  stable  during  irradiation. 

Tne  change  in  the  loss  factor,  i.e.,  the  product  of  dielectric 
penetrability  and  the  dielectric  power  factor  (Figs.  30  and  31), 
conditioned  by  irradiation,  is  sufficiently  great  and  in  most 
cases  amounts  to  an  increase  in  this  parameter.  This  is  especially 
valid  for  the  group  of  the  best  insulating  materials  with  small 
values  of  dielectric  permeability  and  loss  factor.  The  increase 
reaches  hundreds  of  percents,  and  for  polyethylene  -  even 
2000/5.  An  important  observation,  somewhat  softening  the  influence 
of  this  undesirable  trend  in  the  change  in  the  dielectric  loss 
factor,  consists  of  the  fact  that  the  majority  of  the  materials 
which  have  a  low  value  of  dielectric  loss  factor  in  the  initial 
state  even  after  a  significant  increase  in  this  parameter  as  a 
result  of  irradiation  remain  in  the  same  category  of  good  elec¬ 
trical  insulating  materials:  the  values  of  their  dielectric 
loss  factors  all  the  same  remain  lower  than  the  majority  of 
materials  with  high  dielectric  permeability  both  before  and 
after  irradiation,  despite  the  significant  decrease  in  this 
parameter  which  is  revealed  for  the  majority  of  materials  of 
the  second  group. 

As  it  was  noted,  the  most  radiation  resistant  materials  are 
polystyrene  (1)  ard  the  styrene-divinylbenzene  copolymer  (25). 
Irradiation  by  electrons  diminishes  them  even  without  a  low 
loss  factor  at  a  frequency  of  1  kHz  and  does  not  cause  significant 


Fig.  30.  The  influence  of  irradiation  by  electrons  on  the  di¬ 
electric  loss  factor  of  polymers  (f  -  1  kHz)  integral .flux 
16  2 

5.8-10  electrons/cm  (numerals  correspond  to  Table  37): 
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Fig.  31-  The  Influence  of  irradiation  by  electrons  on  the 
dielectric  loss  factor  of  polymers  (f  =  1  MHz),  integral  flux 

S.S-IO1^  electrons/cm^  (numerals  correspond  to  Table  37): 


-  nonirradiated; 
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changes  in  this  parameter  at  a  frequency  of  1  MHz .  In  the 
system  acrylonitrile  -  butadiene  -  styrene  (24)  the  loss  factor 
also  diminlsnes  slightly  at  a  frequency  of  1  kHz  and  is  not 
changed  at  a  frequency  of  1  MHz,  but  the  original  value  of  the 
less  factor  in  it  is  significantly  nigher.  In  the  copolymer  of 
styrene  and  acrylonitrile  (23),  which  has  in  the  initial  state 
a  loss  factor  of  the  same  order  as  also  in  a  triple  copolymer 
(24),  an  increase  is  observed  in  this  parameter  at  both  frequencies, 
whereupon  more  significant  at  a  frequency  of  1  MHz.  The  copolymer 
of  butadiene  and  styrene  (20),  which  in  the  initial  state  has 
a  relatively  low  value  of  loss  factor,  displays  an  increase  of 
it  by  more  than  300$  at  a  frequency  of  1  kHz  and  an  insignifi¬ 
cant  increase  at  a  frequency  of  1  MHz;  such  a  behavior  is 
apparently  conditioned  by  the  presence  of  butadiene. 

During  irradiation  polymaides  are  considerably  improved; 
the  loss  factor  diminishes  noticeably,  but  in  the  initial  state 
it  is  so  great  that  it  is  impossible  to  examine  thisi material 
as  a  high-frequency  dielectric. 

A  very  important  parameter  is  the  resistance  of  insulation 
to  direct  current.  The  materials  in  which  the  greatest  relative 
increase  in  the  loss  factor  is  observed,  i.e.,  polyethylenes , 
reveal  the  greatest  decrease  in  the  resistance  of  insulation 
(Fig.  32).  For  instance,  after  irradiation  by  electrons  the 
insulation  resistance  of  polyethylene  is  lowered  by  2-3  orders 
of  magnitude  (besides  the  carbon  black  composition).  Despite 
the  noted  lowering  in  the  magnitude  of  the  insulation  resistance 
of  polyethylene,  its  value  nevertheless  remains  significantly 
higher  than  in  the  majority  of  other  plastics  since  the  original 
values  are  so  great  that  they  frequently  exceed  the  upper  limit 
of  measurements  of  the  equipment  utilized. 

Various  types  of  polypropylene  behave  differently. 
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Fig.  32.  The  influence  of  irradiation  by  electrons  on  the 
insulation  resistance  of  polymers  to  direct  current,  integral 
1 6  2 

flux  5*8.10^  electrons/cm  (numerals  correspond  to  Table  37): 
CD-  ncnirradiated;BMB-  irradiated. 


The  insulation  resistance  of  polystyrene  (1)  against  expec¬ 
tation  is  lowered  by  more  than  two  orders,  and  that  of  the  system 
styrene  -  diviylbenzene  (25)  is  changed  so  little  that  it  does 
not  yield  to  measurement.  In  the  two  polymers  on  the  basis  of 
styrene  (20)  and  (24)  the  insulation  resistance  increases  some¬ 
what,  whereas  in  the  copolymer  of  styrene  with  acrylonitrile 
(23)  it  is  lowered  by  one  order  of  magnitude. 

The  insulation  resistance  of  three  various  polyamides  which 
have  relatively  low  original  values  of  this  parameter  improves 
approximately  by  one  order  during  irradiation.  In  the  majority 
of  the  remaining  materials,  the  insulation  resistance  of 
which  in  the  initial  state  is  relatively  low,  the  changes  after 
irradiation  are  small  or  are  generally  absent,  with  the  exception 
of  polyvinyl  chloride-acetate,  in  which  the  decrease  reaches 
approximately  two  orders. 

If  as  a  criterion  for  the  evaluation  of  material  we  take 
the  insulation  resistance  to  direct  current,  then  not  in  one 
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of  the  examined  plastics  -is  the  change'  in  this  parameter  as  a 
result  of  irradiation  so  considerable  that  the  material  cou'ld  ' 
not  be  used  as  electrical  ,ins’ilation  for  elements  of  instrumenta¬ 
tion  of  a  communications  satellite  on  the  condition  that  in 

initial  state  these  materials  satisfied  the  requirements  ^hown 

'  , 

for  the  electrotechnical  and  radiotechnical  parts  of  such  an 
application.  . 

The  measurement  of  the  insulatiqn  resistance,  which  depends' 
both  on  volumetric  and  on  surface  specific  resistance,  is  a  more 
reliable  method  for  the  evaluation  of  electrical  insulating' 

1  *  J  *  '  1 

material  than  measurement  of  only  the  surface  oh  only  the  volu¬ 
metric  specific  resistance.- 

’  '■  i 

Summing  up  the  results  of  vast  experimental  material  it 
is  possible  to  make  .the  following'  conclusion. 

1 

»  :  I 

After  irradiation  by  electrons  with' an  energy  of  1  MeV 

If)  p 

up  to  an  integral  flux,  of  ^5.8-10  electrons/cm  ,  -i.ei,  about 
1000  Mrad,  the  physical  properties  of  acrylic,  cellulose, 
fluorine-containing  polymers,  acetyl  resins,  and  polycarbonates 
are  so  deteriorated'  (even  at  lesser  doses  than  the  indicated 
maximum)  that  neither  their  physieomechanical  no^*:  electro¬ 
physical  characteristics  could  be  determined.  The  predominant 
effects  in  materials  for  whieji  it  was  possible  to  determine 

•  .  i  *  t  i 

mechanical  and  electrical  characteristics  were  the  appearance 
of  brittleness  which  was  accompanied  by  a  decrease  in  relative 
elongation,  an  increase  in  the  loss  factor,  and  a  decrease  in  ■ 

1  . 1  i 

insulation  resistance.  It  has  been  established  that  the  most 
radiation  resistant  plastics  are  polymers  on  the  basis  of 
polyethylene  and  polystyrene.  ,  1 

On  the  whole  the  selection  of  material  should  be  done  on 
the  basis  of  an  analysis  of  those  of  its  properties  which  have 
a  greatest  value  in  the  given'  concrete  case  of  application. 
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THE  USE  OF  IONIZING  RADIATIONS  FOR 
MODIFYING  THE  PROPERTIES  OF 
POLYMERIC  ELECTRICAL 
INSULATING  MATERIALS 


If  as  a  result  of  a  reaction  which  flows  in  a  polymer  under  | 
the  action  of  ionizing  radiation  degradation  occurs,  then  the  | 
properties  of  material  after  irradiation  are  usually  changed  in  f 
an  undesirable  direction.  The  strength  of  the  material  during  § 
degradation  is  reduced  as  a  result  of  the  shortening  of  macro-  | 
molecular  chains.1  I 


As  a  rule  cross-linking  causes  favorable  changes  in  the 
properties  of  the  majority  of  materials,  if  they  are  irradiated 
up  to  a  properly  selected  dose  under  adequate  conditions.  The 
modulus  of  elasticity  and  tensile  strength  Increase,  and  the 
yield  point  also  usually  increases.  Cross-linking  conditions  an 
improvement  in  the  stability  of  a  material  to  deformation  during 
heating  and  Increases  resistance  to  the  action  of  solvents 
[292].  However,  along  with  these  improvements  in  characteristics 
some  undesirable  effects  can  occur.  During  the  cross-linking 
of  a  polymer  its  hardness  increases  and  its  impact  strength 
diminishes.  The  plastic  properties  of  the  material  are  lost  to 
a  considerable  degree. 

There  is  the  possibility  with  the  help  of  radiation  to 
produce  a  change  only  in  the  surface  layer  of  a  material .  By 
means  of  irradiation  it  is  possible  to  graft  another  polymer  to 


Experimental  investigations  showed  that  at  a  certain 
irradiation  dose  in  the  air  the  tensile  strength  of  polytetra- 
fluoroethylene  increased,  probably  as  a  result  of  an  increase 
in  the  degree  of  crystallinity  [^06].  However,  this  case  of 
the  improvement  in  the  characteristics  of  material  during  degrada¬ 
tion  Is  an  exception,  not  a  rule. 

i 
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the  surface  of  the  initial  polymeric  material.  The  surface 
treatment  of  a  material  with  radiation  can  improve  its  suscepti¬ 
bility  to  painting  or  increase  its  adhesive  properties. 

Despite  that  fact  that  the  improvements  in  the  character¬ 
istics  of  plastics  which  are  caused  by  their  irradiation  can 
be  accompanied  by  some  undesirable  effects,  there  is  the  definite 
possibility  of  the  development  of  processes  of  improvement  of 
properties  with  the  help  of  radiation  exposure. 

Radiation  modification  is  a  unique  physicochemical  method 
for  the  directed  change  in  the  properties  of  initial  materials, 
whereupon  the  desired  result  is  achieved  in  most  cases  without 
the  introduction  of  foreign  auxiliary  substances  into  the 
system  (vulcanizing  agents,  initiators  or  catalysts  of  the 
reaction,  solidifying  agents,  etc.). 

One  of  the  most  important  goals  attained  with  the  help  of 
radiation  modification  is  increasing  the  heat  resistance  of 
polymers. 

The  process  of  Increasing  the  heat  resistance  of  polymers 
is  most  developed  relative  to  polyethylene.  This  is  conditioned 
basically  by  two  reasons.  In  the  first  place  this  polymer  is 
a  relatively  simple  system,  in  which  the  process  of  cross- 
linking  flows  with  an  explicit  prevalence  over  the  process  of 
degradation.  In  the  second  place  polyethylene  as  a  result  of 
a  very  favorable  matching  of  its  Inherent  electrophysical, 
physicomechanical,  and  technical  properties,  and  also  relatively 
low  cost,  is  used  widely  as  electrical  insulation;  at  the  same 
time  the  comparatively  low  heat  resistance  In  a  number  of  cases 
limits  the  possibilities  of  its  use.  Therefore  the  prospects  of 
increasing  the  heat  resistance  of  this  material  by  means  of 
radiation  modification  without  a  deterioration  of  the  remaining 
characteristics  naturally  Is  of  significant  practical  interest. 
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The  possibility  of  increasing  the  heat  resistance  Df 
polyethylene  by  means  of  irradiation  with  ionizing  radivtions  was 
established  long  ago  [451].  Along  with  increasing  the  heat 
resistance  conditioned  by  the  formation  of  a  three-dimensional 
structure  the  irradiation  of  polyethylene  adds  to  it  a  series  of 
valuable  properties,  considerably  expanding  the  adaptability  of 
this  material  under  specific  conditions  as  compared  with  non- 

l 

.irradiated  polyethylene.  Thus,  for  instance,  irradiated  polyethy¬ 
lene  does  not  flow  at  a  temperature  higher  than  the  melting 

point  [18]  and  under  these  conditions  acquires  rubber-like  i 

i 

properties  which  are  retained  up  to  the  temperatures  of  thermal  j 

decomposition  (more  than  300°C).  With  an  increase  of  irradiation  j 

dose  polyethylene  loses  the  capacity  to  be  dissolved  in  organic 

solvents  at  elevated  temperatures ,  and  its  swelling  diminishes 

L208].  Irradiation  increases  the  resistance  of  polyethylene  i 

to  the  effect  of  agressive  media  [61,  452,  453]  and  reduces  its 

tendency  toward  cracKing  under  the  influence  of  mechanical 

stresses  and  chemical  reagents  [-454—457 ]  -  Furthermore  Irradiation 

considerably  increases  the  electrical  strength  of  polyethylene 

at  elevated  temperatures  [335,  336,  455,  458,  459].  There  are 

data  [460]  that  the  corona  stability  of  irradiated  polyethylene 

Is  substantially  higher  than  nonlrradiated. 

The  totality  data  given  above  shows  that  one  of  the  most 
promising  trends  In  the  use  of  irradiated  polyethylene  is  its  . 

use  as  a  covering  for  electric  wires  and  cables.  Such  an  j 

insulation  ensures  .  ot  only  the  higher  heat  resistance  of  a 
cable  product,  but  also  its  increased  reliability  in  operation. 

Ordinary  polyethylene  insulation  even  in  the  absence  of  any 
significant  mechanical  load  during  temporary  heating  up  to  a 
temperature  which  exceed*.  the  melting  point  flows  under  its  own 
weight ,  which  gives  rise  to  breakdown  or  short  circuit  between 
chains.  Irradiated  polyethylene  Insulation  under  analogous 
conditions  does  not  flow,  and  under  the  effect  of  moderate 


mechanical  load  is  only  somewhat  strained,  but  is  not  pressed 
right  through;  the  electrical  strength  of  insulation  retains  a 
finite  value  and  the  shorting  between  chains  is  practically 
eliminated . 

The  irradiation  of  insulation  of  cable  products  is  also 
useful  for. the  refinement  of  some  technological  processes. 
Polyethylene  irradiated  up  to  moderate  doses  (20-25  Mrad)  can 
be  subjected  to  temporary  reheating  up  to  150°C  without  substan¬ 
tial  residual  deformation.  This  makes  it  possible  to  accomplish, 
for  example,  the  vulcanization  of  rubber  cable  sheathing  with 
polyethylene  insulation  of  current-conducting  core  wires  by  the 
usual  technology  accepted  on  equipment  for  uninterrupted 
vulcanization  [M6i]. 

The  methods  developed  for  the  thermal  stabilization  of 
irradiated  polyethylene  [221,  2^8-253,  333,  462],  ensuring  the 
possibility  of  its  prolonged  operation  in  air  at  elevated 
temperatures,  make  it  possible  to  fully  realize  all  the  advantages 
of  this  material  and  to  switch  from  unique  uses  to  wide  practical 
utilization. 

It  should  be  noted  that  for  increasing  the  heat  resistances 
of  polyethylene  (or  another)  Insulation  of  cable  products  they 
are  subjected  to  irradiation  already  in  a  prepared  form.  This 
means  that  such  products  are  prepared  by  the  conventional  tech¬ 
nology  of  cable  production  with  the  utilization  of  standard 
equipment.  The  difference  lies  in  the  fact  that  a  supplementary 
technical  operation  is  added  -  irradiation,  fulfilled  with  the 
help  of  some  source  of  ionizing  radiation. 

The  technical  means  with  the  help  of  which  irradiation  is 
conducted  at  the  present  time  have  been  developed  sufficiently 
well.  Since  the  properties  of  the  final  product  depend  in 
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practice  only  on  the  quantity  of  absorbed  energy  of  radiation, 
and  they  do  not  depend  on  its  form,  the  selection  of  the  type, 
energy,  and  also  the  source  of  its  generation  is  dictated  by 
technical  considerations  (by  the  penetrating  power  of  radiation 
in  the  irradiated  material,  by  the  possibility  of  obtaining  a 
uniform  absorbed  dose  over  the  whole  volume  of  the  product,  by 
the  probability  of  the  course  of  undesirable  nuclear  reactions 
which  are  accompanied  by  the  appearance  of  induced  radioactivity 
in  the  irradiated  material,  etc.).  For  instance,  it  is  evident 
that  it  is  inexpedient  to  use  accelerated  heavy  particles 
(protons,  deutons,  a-particles,  etc.)  for  the  irradiation  of 
polyethylene  because  as  a  result  of  low  penetrating  power  their 
absorption  will  be  limited  to  a  very  fine  surface  layer  of 
material1  and  the  main  bulk  of  material  remains  unaffected  by 
radiation.  Irradiation  by  neutrons  usually  leads  to  the  activa¬ 
tion  of  the  irradiated  substance,  which  is  also  undesirable 
because  it  can  substantially  hinder  or  generally  make  impossible 
any  manipulation  with  the  irradiated  object  for  a  prolonged 
time. 


Most  frequently  for  the  radiation  modification  of  polymers 
they  use  hard  X-ray  or  y-irradiation,  and  also  electrons  of 
sufficiently  high  energy.  The  source  of  high  energy  electrons 
are  special  elec.trophysical  devices  -  accelerators  of  charged 
particles  (see  Cnapter  V).  The  source  of  hard  X-radiation 
can  be  the  conventional  X-ray  tube  which  is  working  under  high 
voltage  and  also  a  betatron  [463]  or  an  electron  accelerator  of 
another  type.  As  the  source  of  y-radiation  most  frequently  they 
use  radioactive  isotopes  which  are  obtained  in  a  nuclear  reactor 
during  irradiation  of  appropriate  targets  by  neutrons;  the 


]In  some  particular  cases  this  method  can  be  used  precisely 
to  cause  a  change  only  in  the  surface  layer  of  a  material. 
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most  widespread  isotope  sources  of  y-irradiation  used  in  radio¬ 
chemical  processes  are  cobalt-60>  cesium-137 ,  and  some  others. 

The  source  of  pure  y-irradiation  can  also  be  the  radiation 
circuit  of  a  nuclear  reactor  [464,  465],  and  the  source  of 
mixed  g-  and  y-irradiation  -  the  spent  fuel  elements  of  a 
nuclear  reactor  [466]. 

The  source  of  hi&..  energy  radiation  is  selected  on  the 
strength  of  the  features  of  the  radiochemical  process,  the 
required  dose  rate  and  absorbed  radiation  dose,  and  the  concrete 
form  of  the  irradiated  object  (see  Chapter  V) . 

At  the  same  time  it  is  necessary  to  keep  in  mind  that  the 
entire  complex  of  valuable  properties  of  a  polymer  is  attained 
during  irradiation  up  to  high  doses;  for  instance,  for  poly¬ 
ethylene  this  dose  comprises  75-100  Mrad.  Since  the  irradiation 
dose  is  the  measure  of  absorbed  energy  being  spent  r.i  the 
realization  of  physical,  chemical,  or  any  other  changes  in  a 
substance  leading  to  the  change  in  the  properties  of  a  polymer 
in  the  required  direction  the  actuality  of  the  question  of  working 
out  a  method  for  the  achievement  of  th®  same  final  changes  in 
properties  with  a  significantly  smaller  irradiation  dose  is  very 
obvious.  Really  the  productivity  of  any  radiation  source  (both 
isotope  and  electron  accelerator)  is  inversely  proportional  to 
the  irradiation  dose  required  for  the  given  radiochemical 
process  and  therefore  the  lowering  in  the  irradiation  dose 
even  by  several  times  will  influence  the  technical-economical 
indices  of  such  a  process. 

In  this  connection  there  is  significant  interest  in  the 
method  for  increasing  the  yield  of  the  process  of  radiation 
cross-linking  of  some  polymers  (sensitization),  which  as  was 
described  above  consists  of  the  fact  that  prior  to  irradiation 


a  poly  functional  monomer-  is  introduced  into  them  preliminarily 
as  an  additive  [264,  467,  468].  This  method  does  not  only 
make  it  possible  to  lower  the  irradiation  dose  for  the  radiation 
crcss~linking  of  the  polymers  being  "cross-linked"  [2?2],  but 
also  makes  it  possible  to  carry  out  the  cross-linking  of 
"degrading"  polymers.  The  introduction  of  polyfunctional 
monomers  to  polyvinyl  chloride,  along  with  the  significant 
decrease  in  the  irradiation  dose  necessary  for  cross-linking, 
eliminates  [262,  263]  the  undesirable  side  process  of  dehydro¬ 
chlorination. 

The  realization  of  the  radiation  modification  of  the 
polyolefin  insulation  of  cable  products,  especially  with  the 
use  of  sensitizing  additives,  is  a  very  promising  procedure  which 
has  already  entered  the  stage  of  industrial  testing  in  a  number 
of  countries,  including  the  Soviet  Union. 

It  would  seem  that  two  alternative  processes  can  compete 
with  the  process  of  radiation  modification:  the  use  of  peroxide 
catalysts  (the  so-called  chemical  cross-linking)  and  the  utiliza¬ 
tion  of  irradiation  bv  ultraviolet  light  with  the  introduction 
into  polyethylene  of  the  appropriate  sensitizers  of  photochemical 
absorption.  However,  an  attentive  examination  of  the  question 
shews  that  this  is  not  so. 

Irradiation  by  ultraviolet  light  is  effective  only  relative 
to  very  fine  films  or  fibers. 

Chemically  cross-linked  polyethylene  contains  a  significant 
quantity  of  products  of  decay  and  the  subsequent  interaction 
of  peroxide  catalysts,  which  noticeably  influences  its  dielectric 
characteristics.  Furthermore  the  problem  of  thermal  stabilization 
which  is  quite  complex  for  usual  polyethylene,  becomes  almost 
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unsoivable  for  chemically  cross-1  inked  polyethylene  1.4693- 
Finally  the  properties  of  chemically  cross-linked  polyethylene 
are  noticeably  lower  than  for  radiation  cross-linked.  This 

is  distinctly  e /ident  from  a  comparison  of  the  permissible  work 
resources  of  irradiated  and  chemically  cross-linked  polyethylene 
[470-473] : 

Maximum  temperature  Emergency 

of  prolonged  reheating 

exploitation  with  a  dura- 

°C  tion  of  no 

more  than 
100  h/yr 

Chemically  cross-linked 

polyethylene-  90  130 

Radiation  cross-linked 

thermal  stabilized  polyethylene  150  200 

If  chemically  cross-linked  polyethylene  tolerates  reheating 
up  to  250°C  only  for  30  s,  then  for  radiation  cross-linked 
thermal  stabilized  polyethylene  the  permissible  time  of  reheating 
is  measured  by  tens  of  minutes,  and  at  350°C  -  by  minutes. 

Undoubtedly  chemical  cross-linking  is  accomplished  more 
simply  than  radiation,  and  for  the  building  of  an  installation 
in  the  first  case  less  capital  investments  are  necessary  than 
in  the  second.  Nevertheless  the  properties  of  products  obtained 
in  chemical  and  radiation  cross-linking  are  substantially 
different,  and  each  of  these  materials  will  apparently  find  its 
area  of  application. 

In  the  subsequent  sections  the  characteristics  and  areas 
of  application  of  cable  products  with  irradiated  polyolefin 
Insulation  (including  thermal  stabilized)  will  be  examined  and 
also  the  fundamental  types  of  radiation  sources  and  the  technology 
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of  radiation  modification.  However,  strictly  the  irradiation 
of  a  polymer  in  a  product,  for  example  a  cable,  for  imparting 
to  it  these  or  other  properties  does  not  exhaust  the  possibility 
cf  application  of  the  method  of  radiation  modification. 

Thus,  for  instance,  a  method  has  been  developed  [77]  for 
the  preparation  of  porous  polyethylene  by  means  of  its  irradia¬ 
tion  in  granules  up  to  doses  of  2-20  Mrad,  subsequent  swelling 
in  dichlorotetrafluoroethane ,  and  then  heating  and  holding  at 
115°C  in  a  closed  vessel.  By  this  method  a  uniform  porous 

p 

material  with  a  density  of  0.094  g/cm  is  obtained.  A  variety 
of  the  indicated  method  is  [474]  the  introduction  of  a  pore 
former,  for  example  dichlorotetraf luoroethane ,  into  molten 
polyethylene  under  pressure  and  after  irradiation  up  to  a  dose 
of  1-20  Mrad  foaming  by  means  of  sharp  lowering  of  external 
pressure.  The  product  obtained  0.8  mm  pores  and  a  volumetric 

O  O 

weight  of  41.5  kg/m  -  against  6  mm  and  145  kg/nr  respectively 
for  the  nonirradiated  product.  It  is  also  possible  [475]  to 
use  as  the  initial  composition  a  solid  thermoplastic  polymer 
which  i.i  a  combined  state  contains  more  than  70%  monovinyl 
aromatic  hydrocarbon  and  a  low-boiling  organic  compound. 

A  method  has  been  developed  for  obtaining  a  heat  resistant 

porous  polyethylene  film  which  amounts  to  the  following:  an 

ordinary  polyethylene  film  is  piled  in  a  stack  and  irradiated 

4  H 

up  to  doses  of  5-50  Mrad  at  a  dose  rate  of  10  -10  rad/s.  In 
this  case  shrinkage  of  the  film  and  adhesion  occurs,  which  are 
accompanied  by  the  formation  of  a  large  quantity  of  noncommunica¬ 
ting  pores  filled  with  air. 

An  original  method  has  been  proposed  [409,  477]  for  the 
localization  of  the  action  of  ionizing  radiation  on  the  boundary 
of  contact  of  two  polymeric  (or  others)  parts  by  means  of  the 
introduction  of  boron-  and  lithium-containing  compounds  in  the 
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surface  layer  of  the  polymer  and  subsequent  Irradiation  by 
neutrons.  This  method  can  be  used  for  the  radiation  cross- 
linking  of  pairs  of  heterogeneous  polymeric  materials  or  a 
rojyrr.er  with  a  metal. 

in  certain  cases  for  raising  the  molecular  weight  of  poly¬ 
ethylene  before  its  processing  it  is  advisable  to  irradiate;, 
the  granules  up  to  doses  of  3-10  Mrad,  and  then  to  roll  at  75°C; 
the  product  obtained  possesses  reduced  solubility  and  is  softened 
at  higher  temperatures  than  initial  [375]*  Irradiation  by 
y-quanta  in  the  presence  of  atmospheric  oxygen  over  the  range  of 
0.1-50  Mrad  at  -18-120°C  is  used  for  lowering  the  molecular 
weight  of  polyethylene  [376]. 

The  mechanical  and  thermal  properties  of  mixtures  of  polymers 
can  be  improved  by  means  of  irradiation  if  compositions  are 
prepared  which  consist  of  well  mixed  polymers,  one  of  which  is 
cross-linked  and  the  other  degrades  (80  parts  by  weight  of 
polyvinyl  chloride  and  20  parts  by  weight  butadiene-nitrile 
rubber)  [478]. 

It  is  also  possible  to  vary  the  properties  of  radiation  cross- 
linked  polyethylene  by  irradiating  compositions  of  it  with 
polyisobutylene  (5-95$)  up  to  doses  of  2-200  Mrad  [41*0. 

The  combination  of  radiation  (^1000-10,000  Mrad)  and  thermal 

(280°C)  processing  in  air,  and  then  vacuum  pyrolysis  at  320-8201 C 

makes  it  possible  to  convert  polyethylene  into  a  semiconductor, 

the  specific  volumetric  resistance  of  which  can  be  changed  from 
17 

10  to  10  ohm-cm  [479].  Radiation-thermal  processing  facilitates 
the  formation  of  a  developed  system  of  a  polyconjugate  in 
irradiated  polyethylene. 

The  cross-linkages  which  are  formed  during  irradiation  in 
a  polymer  fix  the  conformation  of  its  macromolecules.  The 
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deformation  of  an  irradiated  product  at  T  >  T  and  the  subseouent 

n/i 

sharp  cooling  make  it  possible  to  assign  any  form  to  it.  How¬ 
ever,  repeated  heating  up  to  the  same  temperature  restores  the 
original  forms  of  the  product  (the  effect  of  memory).  The 
realization  of  this  property  of  irradiated  polymers  makes  it 
possible  to  develop  thermally  shrunken  tubes  and  films  (see 
page  268). 

Even  such  a  short  enumeration  of  the  numerous  available 
examples  shows  the  diversity  of  use  of  the  method  of  radiation 
modification  of  polymers  and  what  wide  possibilities  their 
realization  open  in  industry  for  purposes  of  both  the  directed 
change  in  the  properties  of  electrical  insulating  materials  and 
for  the  perfection  and  simplification  of  technological  processes. 


CHATTER  IV 

CABLE  PARTS  WITH  INSULATION  MADE  FROM 
IRRADIATED  POLYOLEFINS 

The  development  of  methods  of  thermal  stabilization  of 
irradiated  polyethylene,  the  accumulation  of  data  on  its  efficiency 
at  elevated  temperatures  in  various  media  (air,  vacuum,  inert 
gas,  water  under  pressure,  and  others)  and  in  fields  of  ionizing 
radiations,  and  also  *  analysis  of  changes  in  strength 
diaracteristics  and  physicochemical  properties  of  this  material 
during  thermal  and  radiation  aging  made  it  possible  to  use  this 
material  as  thermoradiation  insulation  for  wires  and  cables. 

CHARACTERISTICS  OF  CABLE  PARTS  AND 
SOME  AUXILIARY  MATERIALS 

Wiring  leads.  In  the  works  [l8l,  251]  det?  led  studies  are 
made  of  the  electrophysical,  physicomechanical,  and  climatic 
characteristics  of  wiring  leads  with  irradiated  pol -  ethylene 
insulation,  inc.  uding  thermostabJ  lized  by  specie  combined 
additives,  which  were  developed  by  the  authors. 

Figure  33  shows  the  dependence  R  of  samples  of  wiring  leads 
["copper,  tin-plated,  pliable  cores  with  a  section  of  0.35  mm^ ; 
insulation  -  polyetnylene  cable  brand  PE-500  without  additives, 
type  II  [YTU  MKhP  ^4 1 38—55 ]  (BTY  OXfl  4138-55)  with  a  radial  thi  ck- 
ness  of  0. 3-0.4  mm],  irradiated  by  electrons  with  an  energy  of 
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2 . MeV  air  up  to  a  dose-  of  about  150  Mrad,  on  the  duration 
/:  stay  in  various  gas  (vapor)  media  at  temperatures  of  200  and 
ri0°C.  The  aosolute  values  R  of  samples  of  leads  whi  h  were 
maintained  in  various  media  at  a  temperature  of  200°C  fluctuate 

g 

within  the  limits  of  (1-2)  *10  ohm*m,  which  agrees  v/ell  with  the 
values  obtained  in  work  [365]  during  the  short-term  testing  of 
.•.■ires  in  a  Pb-Bi  alloy  with  a  uninterrupted  increase  in  temperature. 
The  inspection  of  test  samples  showed  that  after  holding  for 
1000  hr  in  an  oxygen-free  atmosphere  at  200°C  the  color  of  the 
insulation  changed  insignificantly,  and  at  300°C  -  very  strongly, 
although  losses  of  elasticity  of  ' ;  uulation  in  both  cases  -were  not 
revealed. 


0  200  100  600  too  WOO  t.* 

Fig.  33.  Dependence  of  R^3  of  the  samples  of  wire 

with  irradiated  polyethylene  insulation  on  the 
duration  of  stay  in  various  atmospheres  at  200°C 
(1-5)  and  300' C  (1*  —  '**):  1  -  vacuum;  2  -  nitrogen; 

3  -  helium;  ^  -  hydrogen;  5  -  vapors  of  water;  1*  - 
vacuum;  2 •  -  nitrogen;  3'  -  helium;  -  air. 

Wires  'ith  irradiated  insulation  made  from  polyethylene  which 
■..as  thermo?’  .  ilized  with  special  additives  were  tested  in  air  at 
temperatures  of  150  and  200°C.  The  construction  of  samples  differ 
from  tr.aT  described  above  by  the  fact  that  the  section  of  the 
•ore  comprised  0.5  mm  and  prior  to  the  laying  on  of  polyethylene 
insulation  t:.e  core  was  wrapped  with  glass  fiber  ilo.  80  in  two 
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layers  (radial  thickness  of  winding  0.14  mm,  and  polyethylene 

0.3  mi::;.  '  .  . 

•  *  *1 

J 

Daring  testing  the  loss  of  elasticity  of  insulation,  freeze 
resistance,  insulation  resistance,  moisture  resistcr.ee,  electric 

streng.h,  and  radiation  stability  were  determined.  ■  \ 

!  \  : 

s  j 

An  analysis  of  the  results  of  the  determination  of  the  loss 
of  elasticity  during  aging  in  air  at  a  temperature  of  150°C 
showed  that  a  wire  with  insulation  made  from  nen-fchermostabilized 
irradiated  polyethylene  withstands  bending  oy  a  single  diamet.er 

i  * 

after  aging  for  40-50  h  which  a  wire  with  insulation  made  from 
irradiated  thermostabilized  polyethylene  withstands  analogous  ■ 

'  *  •  i 

bending  after  aging  for  4000-5000  h.  In  comparative  tests 
in  the  air  at  a  temperature  of  200°C  it  has  been  established  that 

i 

wires  wi;n  insulation  made  from  irradiated  thermostabilized 

polyethylene  tolerate  bending  by  a  single  diameter  after  aging  for 

20  h  against  2  h  in  the’  case  of  wires  with  non-thermostab.ilized 

! 

irradiated  polyethylene  insulation*  . 

5  j 

i 

The  tests  of  these  wires  for  freeze  resistance  (~60°C)  during 
aging  in  air  at  150°C  showed  that1  wires  m^de  from  thermostabilized 
polyethylene  withstand  bending  by  a  single  diameter  after  aging 
for  4000-5000  n,  and  wire  made  from  non- thermostabilized 
polyethylene  -  only  after  200  h‘.  < 

The  dependence  of  R^3  and  -U^  of  samples  with  insulation  made 
of  irradiated  thermostabilized  polyethylene  on  the  time  of  stay  ■ 
in  air  at  temperatures  of  150  and  200°C  is  shown  in  Fig.  34.  It 
is  evident  that  during  the  initial  period  of  testing  at  both 
temperatures  the  magnitude  of  R^3  increases  somewhat,  and  then 
for  a  prolonged  period  it  remains  almost  constant;  only  a  weak 
tendency  for  lowering  is.  displayed,  although  the  absolute'  values 
remain  very  high.  The  magnitude  of  ‘U  is  insignificantly  . 
lowered  during  the  initial  period  of  besting  at  both  temperatures 
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and  then  it  is  stabilized  and  remains  practically  constant  for  a 
p ro longed  t i me . 


The  findings  confirm  that  wires  with  irradiated  thermo- 
.'taoilized  insulation  retain  high  electrical  characteristics 
during  aging  in  air  at  elevated  temperatures  and  the  threshold 
of  their  efficiency  is  determined  by  the  deterioration  in 
pnysicomechanieal,  and  not  electrophysical  properties  of  insulation 


Fig.  3*t.  Dependence  of  R  a)  and  U  b)  wires  with 
°  up  np 

insulation  made  from  irradiated  thermostabilized 

polyethylene  on  the  duration  of  aging  in  air. 


A  comparison  of  Figs.  33  and  3^  shows  tha.,  the  introduction 
of  thermostabilized  additives  into  polyethylene  places  the 


insulation  which  is  being  exploited  in  air  in  conditions  which 
are  close  to  the  conditions  of  exploitation  in  an  oxygen-free 
atmosphere ,  The  period  of  time  during  which  thermostabilized 
additives  protect  polyethylene  at  elevated  temperatures  is 
determined  by  their  effectiveness  and  by  some  other  properties, 
volatility  for  example. 

The  electrical  strength  of  wires  with  irradiated  polyethylene 
insulation  both  in  the  initial  state  and  after  aging  in  air  for 
500  h  at  temperatures  of  120  and  150°C  (it  was  determined  by  means 
of  application  of  2000  V  of  alternating  current  for  1  min  on  dry 
wires  and  those  maintained  after  aging  for  21  days  at  40°C  in  an 
atmosphere  of  98$  relative  humidity)  remains  at  a  sufficiently 
high  level. 

Thus  the  results  of  comprehensive  tests  of  wires  with 
irradiated  thermostabilized  polyethylene  insulation  showed  that 
they  possess  high  operational  characteristics  (preservation  of 
elasticity  over  a  wide  range  of  temperatures,  increased  reliability 
under  mechanical  and  thermal  overloads,  moisture  resistance,  high 
electrical  strength,  eta);  it  is  expedient  to  use  them  for  prolonged 
operation  in  the  range  of  temperatures  of  100-200°C,  i.e.,  namely 
in  those  cases  when  the  use  of  teflon  insulation  (considerably 
more  expensive  and  less  technological)  is  not  justified. 


The  use  of  such  material  In  cable  products  attracted  the 
attention  not  only  of  Soviet,  but  also  of  foreign  scientists. 

Thus  in  work  £ -4 80 ]  the  results  are  given  from  studies  of  the 
development  of  cross-linked  thermostabilized  material  on  the  basis 
of  irradiated  polyolefins  with  reduced  flammability,  and  also  the 
characteristic  of  insulation  for  wires  and  cables  on  the  basis 
of  this  material.  The  heat-stabilizing  systems  selected  by 
the  authors  ensure  the  following  permissible  resources  of  utiliza¬ 
tion  of  wiring  leads  in  air: 
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Temperature,  °C 

Length  of  stay 

150 

2200 

175 

336 

200 

48 

250 

4 

300 

1 

In  the  work  it  was  noted  that  by  means  of  the  preparation  of 
special  mixtures  of  various  industrial  polyolefins,  the  introduction 
of  additives  which  lower  flammability  and  increase  the  mechanical 
strength  of  this  mixture  and  subsequent  irradiation  it  is  possible 
to  obtain  self-damping  fine  insulation  for  wiring  leads,  the 
strength  of  which  exceeds  by  approximately  10  times  the  mechanical 
strength  of  ordinary  irradiated  polyethylene  insulation. 


Table  38.  The  results  of  comparative  tests  of  wires  with 
different  insulation  for  cutting. 


Deformation,  mm 

Load,  kgf 

Time, 

min 

Irradiated 

Polyethylene 

Irradiated  modified  com¬ 
position  on  the  basis  of 
a  mixture  of  polyolefins 

Polytetrafluoroe- 

thylene 

0.159 

0 

0.0762 

0.0508 

O.O508 

0. 172 

0 

?5‘*0 

0.2032 

0. 1778 

5 

0  '94 

0.2286 

0.2286 

10 

0.e794 

0.2340 

0.2286 

0.286 

0 

Is  cut  through 
instantly. 

0.2794 

0.2791* 

5 

- 

0.3302 

0.3302 

- 

0.3556 

0.3556 

0.399 

■ 

0.3810 

All  cut  through 
in  from  1  to  1.75  min 

5 

- 

0.4318 

- 

0.550 

10 

- 

0.4572 

- 

■ 

All  cut  through  in  from 

1  to  3  min. 

Note,  l.  The  diameter  of  the  core  In  all  cases  was  1-5  mm.  2.  All  the  results 
,  re  mean  values  from  three  measurements.  3.  The  thickness  of  insulation  (radial) 
was  0.254  mm. 
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In  Table  3$  the  results  are  given  from  comparative  testing 
of  wires  with  insulation  from  irradiated  polyethylene,  an 
irradiated  modified  composition  on  tne  basis  of  polyolefins,  and 
poly tetrafluoroethy lerie  for  cutting  by  a  rod  with  a  diameter 
of  9.127  mm  and  to  which  a  specific  .'oad  was  applied. 

From  tiie  preceding  information  it  is  evident  that  based  on 
mechanical  strength  (resistance  tc  cutting)  irradiated  modified 
insulation  on  the  basis  of  polyolefins  substantially  exceeds  both 
tne  ordinary  irradiated  1  olyethylene  and  polytetraf luoroethylene. 

Coaxial  Miniature  Cables  with  Porous 
Insulation 

Irradiated  thermostabilized  polyethylene  recently  has  been 
used  not  only  in  the  form  of  monolithic,  but  also  porous  insulation. 
This  opens  additional  possibilities  in  the  area  of  construction 
and  production  of  coaxial  thermoresistant  cables  of  reduced 
weight  and  dimensions.  The  question  of  the  use  of  porous 
irradiated  polyethylene  in  coaxial  lightened  miniature  wires  and 
cables  is  examined  In  detail  in  work  [^81]. 

Up  to  recently  only  polyetl  -lene  and  polytetrafluoroethylene 
were  used  as  Insulation  for  coaxial  cables.  However,  for  the 
achievement  of  the  best  characteristics  and  for  expanding  the 
field  of  application  they  began  to  use  irradiated  porous  polyolefins 
in  cables  of  this  type. 

Iri'adiatlon,  as  already  mentioned  above,  increases  the  heat 
resistance  of  material,  reduced  its  tendency  toward  cracking  under 
stress,  and  eliminates  cold  flowing  as  a  result  of  the  formation 
of  a  steric  network. 

The  preparation  of  porous  polyethylene  insulation  by  means  of 
the  addition  of  a  suitable  foaming  agent  to  the  initial  material 
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!'i a.3  been  going  or:  for  several  years.  However,  a  deficiency  of 
suci.  a  porous  material  is  its  relatively  low  mechanical  strength, 
whicn  substantially  iii..its  its  area  of  application.  If  as 
:.e  initial  material  an  appropriate  thermostabilized  composition 
the  basin  of  polyolefins  with  the  addition  of  a  foaming  agent 
is  used  and  the  fabricated  cable  product  is  exposed  to  irradia¬ 
tion,  then  for  porous  insulation  it  is  possible  to  attain  the  same 
strength  which  is  possessed  by  monolithic  polyethylene  insulation. 

The  dielectric  permeability  of  irradiated  porous  polyolefin 
insulation  can  be  lowered  to  1.5,  and  this  already  considerably 
improves  the  electrical  characteristics  of  the  cable  as  compared 
with  a  cable  which  has  monolithic  insulation  made  from  the  same 
polyolefin.  The  steric  network  formed  during  the  irradiation 
of  porous  polyolefin  conditions  form  stability  and  strength  at 
increased  temperatures.  As  a  result  during  soldering  of  the  cable 
core  the  insulation  material  is  not  deformed  as  a  result  of  over¬ 
heating  (this  has  specific  value  when  soldering  has  to  be  done 
j.o  a  limited  space  and  contact  between  the  insulation  and  the 
heated  soldering  iron  is  unavoidable). 

Coaxial  cables  with  porous  irradiated  thermostabilized 
insulation  on  the  basis  of  polyolefins  can  be  used  for  a  long 
time  (up  to  10,000  h)  at  a  temperature  of  135°C  and  for  a  short 
time  (up  to  i  h)  at  a  temperature  of  250°C. 

The  irradiated  protective  covering  superimposed  on  cables  by 
the  method  of  extrusion  possess  the  same  heat  resistance  as  the 
insulation  icself.  The  compositions  used  for  the  preparation 
of  protective  coverings  possess  strength,  chemicai  stability, 
low  specific  weight,  and  do  not  support  burning.  The  specific 

2 

weight  of  coverings  for  irradiated  polyolefins  comprises  ~1.2  g/cm 
against  a  value  of  2.2  g/cm^  which  is  characteristic  for  otner 
tnermoresistant  materials  used  for  this  purpose  (poly tetraf luoror 
etnylene,  a  fluorinatea  copolymer  of  ethylene  and  propylene). 
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In  oaseo  when  the  economy  of  weight  and  space  occupied  are 
of  special  importance  a  braid  which  consists  of  very  fine  copper 
silver-plated  flattened  wire  is  used  as  the  external  conductor, 
aere  the  •  ght  of  the  screen  is  reduced  by  more  than  two  times, 
and  the  thickness  by  2/3  as  compared  with  a  braid  made  from 
circular  wire. 

Today  series  of  cables  are  being  produced  which  have  insulation 
made  from  irradiated  polyolefin,  which  is  the  analog  of  miniature 
coaxial  cables  of  the  RG  type 

One  of  the  most  important  problems  when  using  miniature  cables 
of  the  RG  type  is  the  break  of  the  center  conductors,  the  diameter 
of  which  in  the  majority  of  constructions  comprises  0.25  mm.  By 
means  of  utilization  of  irradiated  porous  polyolefin  as  insulation 
(e  =  1.5  against  2.05  for  polytetrafluoroethylene)  it  is  possible 
to  preserve  unchanged  resistance  and  the  outside  diameter  of  a 
cable  on  insulation  and  simultaneously  to  almost  double  the 
section  of  the  center  conductor  as  compared  with  that  used  in  a 
cable  which  has  insulation  made  out  of  polytetrafluoroethylene. 
Simultaneously  there  is  a  decrease  in  the  total  damping  of  the 
cable  (approximately  by  2 0 % ) - 

At  assigned  wave  resistance  a  decrease  s  of  insulation  gives 
rise  to  a  decrease  ir.  the  capacity  of  the  cable,  which  also  pro¬ 
duces  perceptible  advantages. 

When  using  an  irradiated  porous  dielectric  it  is  possible, 
if  this  is  necessary,  to  reduce  the  dimensions  of  cable  while 
leaving  the  dimensions  of  the  internal  conductor  unchanged.  Below 
a  comparison  is  given  of  the  characteristics  of  RG-195  A/V  cable 
and  irradiated  cable  with  exactly  the  same  center  conductor: 


> 
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f  L 

F4-195  ,v'V  eabl_ 

rradiati-d  eatle  j 

‘  K-tura.  | 

Diameter. 

Diameter, 

.  elcr.i -st  ! 

Kateri.il 

— 

mm 

Material 

mm 

■  ronauster  :  .ire  witti  a  diameter  j 

|  0.25  '  0.2 

i  insulation  j  :-olytetra:Tuoroethylene  2.5 


'.’ire  with  a  diameter  of 
of  0.19  mm 


Wire  with  a  diameter 
0.25 

irradiated  porous 
polyolefin  i 

Wire  witn  a  diameter 

of  0. 19  mm  2.46 


i  covering 


Polytetrafluor-octhylene  i  3.91* 


Irradiated  porous  |  3.05 
polyolefin 


Thus  the  diameter  of  the  cable  is  reduced  by  22%,  and  the  cross- 
sectional  area  occupied  by  it  -  by  ^0%. 

i 

Along  with  the  decrease  in  dimensions  by  means  of  using 
irradiated  porous  and  monolithic  polyolefins  it  is  possible  to 
attain  a  noticeable  lowering  in  the  weight  of  cables.  Actually 
the  specific  weight  of  irradiated  porous  dielectrics  on  the  basis 

3 

of  polyolefins  comprises  about  0.5  g/cm  ,  and  irradiated  protective 

“3 

covering  of  monolithic  polyethylene  -  about  1.2  g/em  .  These 
numerals  can  be  compared  with  the  specific  weight  of  2.2  g/cm^  - 
a  typical  value  for  fluorinated  hydrocarbons.  A  reduction  in  the 
specific  weight  of  insulation  material  in  conjunction  with 
decrease  in  overall  dimensions  makes  it  possible  to  lower  the 
totai.  weight  of  miniature  cables  by  2/3  as  compared  with  ordinary 
cables  with  analogous  parameters.  If  for  a  comparison,  just  as 
earlier,  we  select  the  RG-195  A/V  cable,  then  the  following 
results  are  obtained: 


I - 

J 

!  Cable  with 

i  irradiated 

!  polyethylene 


Characteristics 

A/V  [ 

Cable 

T 

± 

XX  1 

Diameter  of  conductor, 
mm 

0.25 

0.25 

0.25 

Z,  3  m 

95 

95 

95 

Diameter-  of  cable, 
mm 

3-8 

3-05 

3.8 

Weight,  kg/ km 

7.64 

2.64 

4.44 

1 

In  the  first  example  (I)  the  central  conductor  has  the 
same  dimensions,  therefore  the  outside  diameter  of  the  cable  is 
reduced.  In  the  second  example  (II)  outside  diameter  has  been 
maintained  constant,  and  this  made  it  possible  to  double  the 
section  of  the  center  conductor.  The  total  weight  in  this  case 
is  reduced  by  66  and  4 3 %  respectively. 

Thus  the  major  advantages  connected  with  the  use  of  irradiated 
porous  and  monolithic  dielectrics  on  the  basis  of  polyolefins  are 
reduced  to  the  achievement  of  a  high  strength:  weight  ratio  and 
the  possibility  to  produce  light  thermoresistant  pliable  insulation 
coverings . 

In  recent  years  many  new  areas  of  application  of  coaxial 
cables  have  appeared  [482],  whereas  under  conditions  when  the 
influence  of  ionizing  radiations  is  one  of  the  fundamental  factors 
which  characterize  the  influence  of  the  environment  (nuclear 
reactors,  space  vehicles,  etc.).  Cables  with  insulation  on  the 
basis  of  irradiated  thermostabilized  polyolefins  possess  a  radia¬ 
tion  stability  100-1000  times  greater  than  those  with  conventional 
insulation.  In  the  absence  of  bending  while  in  use  (fixed 
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assembly)  the  tolerance  dose  of  irradiation  comprises  5000  Mrad, 
v; : .  1 : i  corresponds  approximately  to  a  10-year  stay  at  the  site 
of  tne  greatest  concentration  of  charged  particles  in  the  Van 
AlKr.  belts  of  the  earth. 

0abi.es  and  Wires  for  tne  Wiring  System 
of  Space  Vehicles 

In  a  number  of  works,  for  example  [4831,  it  has  been  shown 
that,  cable  products  with  modified  insulation  on  the  basis  of  the 
irradiated  polyolefins  containing  various  additives  are  most 
preferable  for  utilization  in  the  electrical  wiring  system  of 
man-made  earth  satellites  and  spacecrafts  of  various  designation. 

Thus  a  material  has  been  proposed  under  the  trade  name  of 
"Novaten"  which  represents  a  composition  consisting  of  the  follwoing 
components:  1)  strictly  polyolefins;  2)  a  system  which  reduces 

a  capacity  for  flare  up;  3)  antioxidants  which  protect  the 
polymer  system  at  elevated  temperatures  in  the  air;  4)  antirads, 
i.e.,  substances  which  protect  polyolefins  from  the  effect  of 
ionizing  radiations.  After  fabrication  of  the  cable  product 
it  is  irradiated. 

Table  39  gives  data  which  illustrated  the  weight  characteris¬ 
tics  of  cable  products  of  identical  construction,  but  with 
insulation  made  from  polytetraf luoroethy lene  and  "Novaten. " 

In  Table  40  the  basic  properties  of  "Novaten"  and  standard 
irradiated  insulation  on  the  basis  of  modified  polyolefins  are 
compared. 

It  is  evident  that  the  basic  properties  of  "Novaten"  differ 
little  from  the  properties  of  standard  irradiated  insulation  on 
the  basis  of  polyolefins;  at  the  same  time  the  use  of  "Novaten"  as 
an  insulation  gives  an  explicit  gain  in  weight  as  compared  with 
the  use  of  polytetraf luoroethy lene. 
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Table  39.  Comparison  of  the  properties  of  cable  products 
w ’-tli  insulation  made  from  "Nova ten"  and  poly tetraf luoro- 
ethylene. 


wiring  lead 
Wiring  lead 
Wiring  lead 

Single-core  shielded  Ccble  in 
covering  (10. 38  mm) 

Two-core  shielded  cable  in 
covering  (0.38  mm) 

Three-core  shielded  cable  in 
covering  (0.38  mm) 

Coaxial  cable  RG-195  a/V 


Diameter, 

mm 

1 

"Novaten" 

1 

0.254  ; 

1 

0.9:0 

0.404  ! 

1.720 

0.645 

4.326 

0.645 

7.83? 

0.645 

20.834 

0.645 

26.387 

0.254/0.364 

16.37 

Table  40.  Comparison  of  the  properties  of  "Novaten" 
with  standard  irradiated  insulation  on  the  basis  of 
modified  polyolefins. 


Properties 


Nuvaten" 


Standard 

insulation 


Specific  weight,  g/cm 

1.18 

1.15 

Tensile  strength,  kgf/'.iif" 

210 

210 

Relative  elongation,  % 

150 

[  120 

Freeze  resistance,  °C 

-55 

-55 

Dielectric  strength,  kV/rara 

36 

32 

Dielectric  permeability 

;  2.5 

2.5 

Volumetric  specific  resistance. 

Mfi-cra  30,000 

30,000 

Permissible  temperature  of 

prolonged 

, 

utilization  in  air,  °C 

;  125 

135 

Permissible  temperature  of 

four 

hour  ■ 

stay  in  air,  °C 

225 

225 

Inflammability 

;  Self- 

tamping 
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Thus  the  use  of  cables  with  insulation  made  from  "Noveten'1 
makes  it  possible  not  only  to  substantially  reduce  the  weight  and 
dimensions  of  the  airborne  cable  system,  but  also  to  reduce  gas 
evolution  in  a  vacuum,  and  also  to  practically  completely  eliminate 
the  corrosion  of  airborne  equipment  (proceeding  when  using 
fluoropolymeric  wire  and  cables  coverings)  with  a  simultaneous 
increase  in  the  radiation  stability  of  the  system. 

The  use  of  irradiated  polymers  in  the  production  of  wires 
and  cables  is  covered  in  a  significant  number  of  works.  Irradiated 
polyethylene  is  used  as  an  insulation  both  in  the  form  of  film 
and  tapes  (low- voltage  power  cables,  aerial  sound  cables,  aerial 
distribution  cables,  control  cables,  winding  wires  for  immersion 
electric  motors,  etc.)  and  in  the  form  of  monolithic  insulation 
applied  by  the  method  of  extrusion  [48[4].  The  addition  of  active 
fillers  and  substances  which  decrease  inflammability  into 
polyetnylene  made  it  possible  to  develop  wiring  leads  ana  special- 
purpose  cables  for  use  under  particularly  harsh  operating  conditions, 
mainly  in  aviation  and  missile  technology  [480]. 

The  possibilities  of  the  application  of  irradiated  polyethylene 
as  electrical  insulating  material  are  also  covered  in  works 
[249,  251,  296,  329,  485]. 

There  are  reports  [486]  that  irradiated  polyvinyl  chloride 
can  be  used  for  wire  insulation.  As  a  result  of  the  irradiation 
of  this  polymer  in  the  presence  of  special  additives  (cross-linking 
agent,  stabilizer,  filler,  etc.)  heat  resistance  improved  (it 
was  not  softened  up  to  300°C),  solubility  was  lowered,  and 
electrical  properties  were  raised  (the  insulation  resistance  was 
10  times  higher  than  in  standard  polyvinyl  chloride). 

The  irradiation  of  cable  products  with  polyolefin  insulation 
precludes  cracking  under  stress  conditions  under  the  action  of 
surface-active  substances  [484,  487]. 
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Cables  for  Geophysical  Prospecting 
(Coring) 


In  recent  years  there  has  been  a  considerable  increase  in’ the 
number  of  deep  and  ultradeep  oil.- wells  with  a  high  temperature, 

i 

on  the  face  end.  Many  new  sites  are  distinguished  b.y  the  great 
depth  of  occurrence  of  £ roduqtive  strata  (4.0-T.5  km)  at  high 
geothermal  gradients.  ,  :  • 


For  conducting  geophysical  operations  in  hot  wells  it  is 

;  '  I 

necessary  to  have  coring  cables  with  insulation  ensuring 


R  „  >  15  MG* km  at  operating  temperatures  of  150-200° C  and 

M3  2  ' 

pressures  up  to  100  Icgf/car  in  drilling  mud.  .. 


Irradiated  polyethylene  was  tested  [344]  as  one  of  the  variants 

i 

of  insulation  for  a  corjng  caole  for  industrial  coring  investiga- . 
tion  in  ultradeep  veils.  The  cables  had  the  following  construction^ 
on  a  two- layer  steel-cc.*-v  or  bore  polyethylene  insulation  was 
applied.  The  insulated  >ore  was  irradiated  Yyquanta  of 

Co^°  In  argon  up  to ,a  dqse  of  140  Mrad.  On  the  irradiated  core 
a  braid  made  from  cottcn  thread  was  Applied,  and  then  a  two¬ 
layered  jacket  (protection  from  mechanical  damages  and  the  load-^ 
bearing  element).  The  structural  length  of  the  experimental _ 
cable  comprised  7500  m. 


The  tests  of  the  coring  cable  with  insulation  made  from  ■ 

irradiated  polyethylene- in  wells  with  extreme  temperatures  ‘In 

»  o 

the  face  layer  of  150°C  and  pressure  of  drilling  mud  =800  kgf/cm 

revealed  Its  good  operating  characteristics :  a  maximum  .lowering 

'  i 

in  insulation  resistance 'from  10Q  MG’km  on  the  surface  to 
20  Mft*km  (maximum  immersion  in  well)  in  the  absence  of  mechanical 
deformations  of  insulation,  ,and  also. the  doraplete  restoration  of 
electrophysical  characteristics  of  the  insulation  upon  lifting 
the  cable  to  the  su,  face5.  A  satisfactory  stability  of  characteris¬ 
tics  of  the  cable  aft^r  a  "run"  of  more  than  1250  km  was  revealed! 


mm 


In  Table  41  the  change  is  shown  in  the  insulation  resistance 
of  cable  during  a  double  cycle  of  lowering  and  raising. 


Table  41.  The  change  in  the  insulation  resis¬ 
tance  of  a  coring  cable  during  a  double  lower¬ 
ing  into  a  well  and  lifting  out. 


Insulation  resistance. 

First  cycle 

Second  cycle 

Depth,  a 

Lovering 

Raising 

Lowering 

Raising 

0 

500 

500 

— 

500 

1000 

200 

— 

— 

500 

1500 

200 

— 

— 

500 

2CC3 

200 

— 

— 

500 

2-00 

200 

— 

— 

500 

3000 

150 

100 

100 

200 

3200 

— 

— 

100 

3350 

— 

— 

- - 

.  70 

3500 

50 

40 

50 

so 

3670 

_ 

— 

30 

30 

3700 

25 

25 

The  data  obtained  under  operating  conditions  in  conjunction 
with  the  results  of  laboratory  investigations  confirmed  that 
insulation  on  the  basis  of  irradiated  polyethylene  Is  efficient 
under  conditions  of  the  simultaneous  influence  of  temperatures 
of  120-l80°C  and  pressures  of  drilling  mud  greater  than 
100G  kgf/cm2. 

toermosetting  Film  and  Tube 

It  should  be  noted  that  the  raising  of  the  reliability  and 
heat  resistance  of  insulation  of  cable  products  made  from 
polyolefins  by  means  of  their  irradiation  by  Ionizing  radiation 
does  not  exhaust  those  promising  directions  which  are  opened  to 
cable  technology  with  the  realization  of  the  methods  of  radiation 
modification  of  polymeric  materials. 

For  instance,  the  use  of  thermosetting  insulation  tubes 
made  from  irradiated  polyethylene  and  other  polymers  substantially 
simplifies  the  problem  of  the  insulation  of  joints  (splices)  of 
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cores  with  polyethylene  insulation*  the  insulation  of  points 
of.  soldering  of  the  wiring  leads  and  output  ends  of  electric 
machines  and  apparatuses,  and  also  the  banding  of  plaits  of 
conductors;  for  this  purpose  it  is  possible  to  use  a  film  (tape). 
•Insulation  by  such  a  method  ensures  not  only  good  electrical 
insulation,  but  also  the  high  moisture  resistance  of  tne  joints. 

As  the  basis  for  the  noted  method  the  so-called  memory 
"effect"  of  the  irradiated  polymer  has  been  laid  down  [430].  The 
macromoleeular  chains  of  polyethylene  (typical  representative  of 
polyolefins)  have  been  arranged  partially  ordered  and  partially 
chaotically.  Crystallites  are  formed  in  tnose  sections  where 
there  is  ordering  in  the  disposition  of  macromoleeular  chains 
at  distances  commensurable  with  molecular  (Pig.  35a).  If 
polyethylene  is  influenced  by  high-energy  ionizing  radiation, 
chemical  changes  occur  In  it:  the  cross-linking  of  macromolecules 
into  a  solid  steric  network.  Figure  35b  shows  the  molecular 
structure  of  such  a  system  after  irradiation:  the  heavy  lines 
depict  the  cross-linkages  formed  during  irradiation. 


*3D><C* 

d) 


e) 

f) 

xO^flX 

^c>crx. 

h) 


i) 


Fig.  35*  The  Influence  of  crystallinity 
and  cross-linkages  on  the  mechanical 
properties  of  polymers. 
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The  properties  of  irradiated  polyethylene  at  temperatures 
lower  than  of  the  range  of  melting  of  a  crystallite  are  determined 
mainly  by  the  degree  of  crystallinity,  the  length,  and  the  branching 
of  molecules.  These  factors  can  be  regulated  to  a  certain 
degree  during  the  preparation  of  the  initial  material.  V/hen 
radiation  cross-linked  polyethylene  is  heated  to  a  temperature 
which  exceeds  the  melting  point  of  crystallites  the  material 
acquires  the  properties  of  an  elastic  gel,  i.e.,  is  transformed 
into  a  rubber- like  state.  A  small  force  can  cause  deformation. 
However,  with  the  removal  of  the  applied  force  the  material 
immediately  acquires  the  original  form  and  dimensions.  In 
Fig.  35i  the  molecular  structure  and  elastic  properties  of  the 
cross-linked  polymer  are  shown. 

At  room  temperature  cross-linked  polyethylene  (as  also 
standard)  possesses  a  high  degree  of  crystallinity ;  this  is  shown 
in  Fig.  35c  in  an  example  of  two  macromolecules.  The  strength 
of  the  material  at  room  temperature  is  determined  precisely  by 
crystal  structure.  However,  with  an  increase  in  temperature  the 
crystals  are  melted  while  the  cross-linkages  formed  during 
cross-linking  remain  (Fig.  35d). 

If  to  the  cross-linked  polyethylene  which  has  a  steric 
structure  a  certain  tension  is  applied,  then  the  material  is 
elastically  deformed  as  shown  in  Fig.  35e.  The  greater  the 
tension  the  more  strongly  the  material  strives  to  contract 
since  the  cross-linkages  play  the  role  of  elastic  elements 
which  contract  the  macromolecules.  Regardless  of  how  long 
the  applied  force  acts  the  molecules  resist  stretching  with 
a  constant  force,  equal  to  the  strain  applied  but  directed 
oppositely.  If  the  effect  of  strain  is  terminated  then  the 
molecules  will  be  almost  instantly  returned  to  their  initial 
configuration  (Fig.  35f,  g). 
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If  in  this  position  the  material  is  cooled  then  the  crystal 
structure  will  again  be  restored  (Fig.  35h)..  If  the  material 
is  cooled  during  the  period  when  stress  is  applied  to  it,  then 
the  crystal  structure  will  fix  the  molecules  of  polymer  in  the 
stretched  state  as  is  shown  in  Fig.  35i. 

The  removal  of  stress  at  this  point  does  not  restore  the 
initial  configuration  of  macromolecules,  since  the  interaction 
force  between  macromolecules  In  the  crystallite  is  sufficiently 
great  and  cross-linkages  will  be  found  in  a  stressed  state. 
However,  if  again  after  this  the  material  is  heated  to  a 
temperature  which  exceeds  the  melting  temperature  of  crystallites, 
then  the  strained  cross-linkages  relax  and  the  original  configura¬ 
tion  of  macromoleeular  chains  will  be  restored  (the  '’memory” ! ) . 

This  property  is  used  both  in  films  [480]  and  in  tubes[Jl88]. 

Below  comparative  data  are  given  on  the  typical  physico- 
mechanical  properties  of  an  irradiated  multipurpose  polyethylene 

■N 

and  one  that  is  preliminarily  oriented. 

Preliminarily 


*  °r 

v,  e 

Multipurpose 

oriented 

Thickness,  mm 

0.125 

0.1 

Yield  pcint,  kgf/cm2 

23° 

94.5-129-5 

More  than  140 

80° 

3-15-42.0 

More  than  85 

120° 

7-14 

r.ei.itive  elongation,  % 

23° 

300-500 

More  than  200 

8o° 

300-500 

The  same 

120° 

200-600 

The  same 

2 

Tensile  strength,  kgf/cm 

23° 

133-175 

More  than  210 

800 

52.5-63.0 

More  than  84 

120° 

7-14 

More  than  10. 5 

It  is  evident  that  the  oriented  irradiated  polyethylene  possesses 
greater  shrinkage  and  higher  strength. 
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In  the  case  of  wrapping  the  splicing  site  of  a  core  cable  with 
ah  irradiated  oriented  film  and  its  heating  up  to  a  temperature  of 
110°C  the  film  will  set  and  will  press  the  cable  tightly;  rehear¬ 
ing  to  a  temperature  of  135-150°C  will  cause  the  adhesion  of  in¬ 
dividual  layers  of  the  film  between  one  another  and  will  ensure  a 
tight  hermetically  sealed  insulation,  impermeable  for  water,  dust, 
and  chemical  reagents.  Tubes  which  have  been  irradiated  and  then 
inflated  at  elevated  temperatures  and  quenched  behave  in  the  same 
manner;  during  reheating  they  set  up  to  the  original  size  and 
squeeze  the  joint  tightly. 

Such  thermosetting  tubes  are  produced  by  a  number  of  foreign 
firms  under  various  names  (Termoroy,  Shprinfleks,  Koroplast, 
etc.)  [transliterated  from  cyrillic].  Their  nomenclature  is 
sufficiently  great  (nominal  diameter  in  a  set  state  0.6-100  mm) 
[489]. 


THE  RADIATION  STABILITY  OF  CABLE 
PRODUCTS 


In  the  preceding  sections  it  was  shown  that  the  permissible 
duration  of  exploitation  of  cable  products  in  the  zone  of  action 
of  ionizing  radiations,  independent  of  the  form  of  radiation, 
is  determined  in  the  first  place  by  the  peculiarities  of  the 
electrical  insulating  material  used. 

A  detailed  examination  of  data  on  the  radiation  stability 
of  polymeric  materials  makes  it  possible  to  select  correctly 
the  covering  of  one  or  another  class  for  the  prolonged  use  of 
the  cable  product  under  conditions  of  radiation  exposure. 

Despite  the  fact  that  with  every  year  the  quantity  of  works 
dealing  with  the  investigation  of  the  radiation  stability  of 
electrical  insulating  materials  is  increasing  all  the  more, 
information  about  the  behavior  of  cable  products  under  conditions 
of  different  forms  of  radiation  remains  limited.  Such  a 
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circumstance  is  apparently  connected  with  the  known  difficulty  of 
conducting  such  investigations  and  with  conjuncture  considerations. 

The  behavior  of  some  cable  products  in  fields  of  ionizing 
radiations  are  examined  below. 

‘  For  evaluating  the  influence  of  radiations  on  the  electrical 

parameters  of  radio- frequency  cables  over  a  wide  range  of 

frequencies  a  series  of  experiments  have  been  conducted  [^90]. 

The  samples  of  cables  were  placed  directly  into  the  channel  of 

a  nuclear  reactor  and  their  characteristics  measured  by  the 

resonance  method.  Since  the  indicated  method  at  frequencies 
■3 

above  10J  MHz  relative  to  samples  in  the  form  of  cables  is 
technically  in?) racti cable,  the  measurement  of  the  parameters  in 
the  ultrahigh  frequency  range  was  conducted  on  samples  of 
the  materials  entering  into  the  composition  of  the  cable.  The 
irradiation  of  such  samples  in  reactor  is  conducted  in  hermetically 
sealed  aluminum  containers;  a  series  of  experiments  on  the 
irradiation  of  materials  was  accomplished  on  a  y-source  of  Co^°. 

Figure  36  shows  the  dependence  of  dielectric  permeability 
and  dielectric  loss  factor  of  irradiated  polyethylene  insulation 
of  coaxial  cable  with  a  length  of  12  m  on  the  integrated  flux  of 
irradiation  by  rapid  neturons.  In  this  the  temperature  change 
in  the  reactor  channel  during  the  experiment  is  shown.  After 
the  cable  has  been  in  the  reactor  800  h  the  dielectric  loss 
factor  of  insulation  increased  by  approximately  9%,  and  dielectric 
permeability  changed  by  •  During  this  experiment  it  was 
attempted  to  determine  the  influence  of  breaks  on  the  change  in 
the  indicated  parameters  of  tne  cable.  It  was  established  that 
in  this  case  the  dielectric  loss  factor  is  not  changed,  but 
dielectric  permeability  increases  somewhat.  This  is  apparently 
connected  with  the  temperature  change  of  the  environment. 

For  a  comparison  Fig.  37  gives  an  analogous  dependence  for 
a  cable  with  a  length  of  12  m  made  from  polytetrafluoroethylene 


(Teflon).  The  increase  of  dielectric  permeability  after  600  h  of 
irradiation  did  not  exceed  33»*  The  dielectric  loss  factor  did 
not  change  within  the  limits  of  error  of  measurement. 


Fig.  36.  The  dependence  of  dielectric  per¬ 
meability  and  dielectric  loss  factor  of 
polyethylene  insulation  of  a  coaxial  cable 
on  the  integral  flux  of  irradiation  by 
rapid  neutrons. 
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Fig.  37.  The  dependence  of  dielectric  per¬ 
meability  and  dielectric  loss  factor  of 
polytetrafluoroethylene  insulation  of  a 
coafial  cable  on  the  integral  flux  of 
irradiation  by  rapid  neturons. 
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Figure  38  shows  the  dependence  of  the  dielectric  loss  factor 
on  the  integral  flux  of  neutrons  for  polystyrene,  irradiated 
polyethylene,  and  poly tetrafluoroethylene  (Teflon)  at  frequencies 
of  1  x  io3,  3  x  io3,  and  8.5  x  103  MHz.  During  the  irradiation  of 

■j  O  n 

polystyrene  by  rapid  neutrons  up  to  10  neutron/ cnr  no  changes 

were  revealed  in  the  dielectric  loss  factor  within  the  limits  of 
measuring  error.  The  most  significant  change  in  characteristics 
is  n^ted  in  poly tetrafluoroethylene,  especially  at  frequencies  of 


1  x  103  and  3  x  103  MHz. 


1 8 

At  a  dose  of  1.3  x  io  neutron/cm  the 


dielectric  loss  factor  exceeds  by  five  times  the  initial  value. 

The  dielectric  loss  factor  of  irradiated  polyethylene  at  these 

1 8  P 

same  frequencies  and  an  irradiation  dose  of  5  x  10  neutron/cm 
approximately  doubles;  at  a  frequency  of  8.5  x  103  MHz  changes 
are  not  detected.  Since  irradiation  in  the  reactor  was  conducted 
in  air  a  certain  increase  in  the  dielectric  loss  factor  can  be 
connected  with  radiation  oxidation.  It  is  possible  that  during 
the  transition  into  the  range  of  lower  frequencies  change  in  the 
dielectric  loss  factor  will  be  expressed  more  sharply.  The 
analogous  dependences,  obtained  during  the  irradiation  of 
samples  on  a  y-source  of  Cob0,  are  shown  in  Fig.  39.  In  this 
case,  as  also  during  irradiation  in  a  reactor  by  rapid  neturons, 
in  polystyrene  no  substantial  change  is  noted  in  the  dielectric 
loss  factor  -  in  contrast  to  polytetrafluoroethylene  and 
irradiated  polyethylene.1  At  an  integral  flux  of  7-5  x  1G8  rads 
the  dielectric  loss  factor  for  polyethylene  at  frequencies  of 
0.3*103,  1* 103,  and  3*103  MHz  is  approximately  identical  in 
absolute  value,  however,  the  nature  of  change  during  irradiation 
up  to  this  integral  flux  is  somewhat  different,  whereupon  at 

O 

the  lowest  frequency  (0.8'IQ-*  MHz)  this  dependence  traverses 
the  maximum.  The  increase  in  the  dielectric  loss  factor  of 

O 

polytetrafluoroethylene  up  to  doses  on  the  order  of  2' 10  rads 
is  insignificant,  however,  already  at  doses  of  5*10  rads  it 


*Radiation  oxidation  during  the  irradiation  on  a  y-source 
naturally  should  be  expressed  to  even  a  greater  degree  than  during 
irradiation  in  a  reactor,  due  to  the  considerably  lower  dose  rate. 
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Fig.  38.  The  dependence  of  the 
dielectric  loss  factor  on  the 
integral  flux  of  irradiation  by 
rapid  neutrons  for:  polystyrene 
a);  polyethylene  b);  polytetra- 


Ose  of  irradiation  neutron/ca2  fluoroethylene  c);  1  -  8.5*103  MHz 

2  -  3-103  MHz;  3  -  1*103  MHz. 


T  A— 
1  I0if 


to"  2  5  U)u  t 

lose  of  irradiation  neutron/cm2 


Dose  of  irradiation  neutron/cm 


s 

o 

o  ©  *0  “ 

•H 

u 

43  .  c 

o  t*  5 
a>  o 

O  O  * 
n  IQ? 


2  b) 


S  70*  2  5 

Irradiation  dose,  rads 


Fig.  39.  The  dependence  of 
-  dielectric  loss  factor  on 
^  the  integral  flu1:  of  irradia 

tion  Co^°  y-radiation  for: 
polystyrene  a) ;  polyethylene 
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exceeds  by  two- four  the  initial  values.  The  greatest  increase 

■3 

is  noted  a  frequency  of  3*10  MHz,  the  least  -  at  a  frequency  of 

O 

0.8*10-)  MHzj  this  dependence  can  pass  through  the  maximum. 

Figure  40  shows  the  dependence  of  the  relationship  of  mag¬ 
nitudes  of  dielectric  loss  factors  of  irradiated  and  non- 
irradiated  samples  on  frequency  for  polyethylene  and  polytetra- 
fluoroethylene,  irradiated  in  a  reactor  and  on  a  y-source.  It  is 
evident  that  at  a  frequency  less  than  40  MHz  the  values  of  the 
dielectric  loss  factors  of  irradiated  and  nonirradiated  materials 
are  practically  the  same;  over  the  range  of  frequencies  of 
50  to  10,000  MHz  this  dependence  for  both  materials  traverses  the 
maximum,  whereupon  for  polytetrafluoroethylene  the  relative 
increase  reaches  seven,  whereas  for  polyethylene  it  is  approximately 
three.  It  should  be  noted  that  the  maximum  for  both  materials 
lies  in  the  range  of  1000-3000  MHz.  The  data  obtained  for  neutron 
and  y-radiation  coincide  adequately. 


Fig.  40.  The  dependence  of  the  relationship  of  the 
magnitude  of  dielectric  loss  factors  on  frequency: 

1  -  polyethylene,  irradiation  in  a  reactor  up  to 

1  O  p 

5*10  neutron/ cm  ;  2  -  polyethylene,  irradiation 

D 

on  a  Y-source  up  to  5*10  rads;  3  -  polyetrafluoroethylene, 

irradiation  in  a  reactor  up  to  l.S’lO*1  neutron/ cnr ; 

4  -  the  same,  irradiation  on  a  Y-sourc.e  up  to 

5*10®  rads. 
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Cables  with  insulation  made  from  irradiated  thermostabilized 
polyethylene  (wiring  leads)  were  tested  for  radiation  stability 
in  the  channel  of  a  nuclear  reactor  at  thermal  neutron  fluxes 
of  5  x  10  neutron/(cm  *s)  and  accompanying  y-radiation  with  an 

■I  O 

intensity  of  50  Mrad/h  up  to  an  integral  flux  of  1.15  x  10 
neutron/cm  in  an  atmosphere  of  argon  at  a  temperature  of  l60°C. 
During  testing  under  operating  conditions  insulation  resistance 
was  determined^its  electrical  strength  was  checked  with  a  voltage 
of  500  V  direct  current.  At  the  indicated  integral  flux  of 
Irradiation  by  mixed  (n,  y)-flux  (physical  dose  comprised 
3500  Mrad)  a  noticeable  deterioration  in  the  electrical 
characteristics  of  cables  was  not  revealed. 

The  dependence  of  R^3  of  a  wire  with  polyethylene  insulation 
and  sublayer  of  fiberglass  on  integral  neutron  dose  at  room 
temperature  is  shown  in  Pig.  41.  It  is  evident  that  the  insula¬ 
tion  resistance  decreases  linearly  with  an  increase  in  the 
Integral  flux  of  irradiation,  whereupon  for  the  values  obtained 
in  the  absence  of  flow  (measurements  fulfilled  right  after  the 
trip-out  of  power)  an  analogous  regularity  is  observed;  after 
holding  for  an  hour  the  insulation  resistance  is  restored  to  the 
initial  (prior  to  irradiation)  vauies. 

Fig.  41.  Dependence  of  Rm3  of  a  shielded 

wire  with  insulation  made  from  polyethylene 
and  sublayer  made  from  fiberglass  on 
integral  flux:  1  -  at  zero  power;  2  - 
during  irradiation. 

10*  13*  '  7 0n  10* 

Integral  dose,  neutron/cmc 


Figure  42  shows  the  dependence  of  RHg  of  wires  with  insulation 
made  from  radiation  cr'oss-linked  polyethylene  n  the  intensity  of 
neutron  flux.  The  results  obtained  in  a  semi  .Logarithmic  scale 
set  satisfactorily  on  a  straight  line,  whereupon  the  exponent  in 
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the  index  is  equal  to  0.75,  which  coincides  well  with  the 
theoretical  value  of  this  coefficient  for  polyethylene  [365]. 


Pig.  42.  Dependence  of  R  _  of  a  shielded 

H  3 

wire  with  insulation  made  from  radiation 
cross-linked  polyethylene  on  the  intensity 
of  neutron  flux. 


For  these  samples  of  wires  the  dependence  of  insulation 
resistance  on  integral  flux,  obtained  at  a  temperature  of  160°C, 
is  shown  in  Fig.  43.  Up  to  the  doses  of  a  order  of  3‘IC)1^ 

p 

neutron/cm  R,„  increases  somewhat  and  then  is  stabilized  and 

*43  *i  O  p 

remains  at  the  same  level  up  to  doses  of  2*10  neutrcn/cm  . 


Irradiation  dose,  neutron/cn2 


Fig.  43.  Dependence  of  Ru_  of  shielded  wire  with 

M  3 

insulation  made  from  radiation  cross-linked 
polyethylene  on  integral  flux. 

The  data  given  above  show  that  cable  products  with  irradiated 
polyethylene  insulation  possess  a  high  radiation  stability.  When 
irradiated  thermos tabili zed  polyethylene,  containing  some  antirad 
additives  along  with  antixoidants,  is  used  in  cables,  during 
prolonged  irradiating  at  elevated  temperatures  in  air  not  only 
are  the  electrical  properties  of  the  insulation  retained,  but  also 


its  elasticity.  High  radiation  stability  in  conjunction  with  high 


heat  resistance  at  high  electrophysical  characteristics  make  it 
possible  to  consider  this  material  as  one  of  the  most  promising 
for  utilization  as  a  covering  for  wires  and  control  cables  and 
protection  of  installations,  the  operation  of  which  is  connected 
with  the  presence  of  the  nuclear  .(ionizing)  radiations  of  high 
intensity. 
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CHAPTER  V 

,  i  • 

i 

SOURCES  OF  IONIZING  RADIATIONS  AND 
THE  TECHNOLOGY  OF  RADIATION  MODIFICATION 

*  i 

SOURCES  OF  IONIZING  RADIATIONS  .  ‘ 

I  : 

The  sources  of'  Ionizing  radiations  based  on  principle  of 

I 

generation  are  subdivided  into  three  groups:  I)  nuclear  reactors;  ! 
2)  isotope  sources;  3)  chnrged-particl^  accelerators. 

For  the  radiation  modification  .of  polymers  It  is  possible 
to  use  any  sources' of  the  ionizing  radiations,  however,  the 
technical  expediency  and  the  economic  effectiveness  of  the  use 
rf  one  or  another  radiation  source  are  determined  by  the 
peculiarities  of  the  part'cular  radiochemical  process.  ■ 

Below  the  operating  principles  and  basic  parameters  of  various 

*  i  * 

sources  of  the  ionizing  radiations  are  presented,  and  also  the 
principles,  on  the  basis  of  whifeh  the  source  for  :a  specific 

i 

radiation  process  is  selected  are  given.  ‘  > 

Nuclear  Reactors  5 

.  ■  i 

The  description  of  the  principles  of  calculation,  construction 

I  i 

of  nuclear  reactors,  and  also  exploitation  are  covered  in  a  large 
number  of  works  1491-498]. 
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A  nuclear  reactor  is  an  installation  in  which  under  specific 
controlled  conditions  a  chain  (self-sustaining)  fission  reaction 
of  the  nuclei  of  heavy  elements  occurs,  for  example  Pu"^, 

Th2^.  and  others.  The  process  of  fission  leads  to  the  formation 
of  fission  products  which  as  a  rule  are  radioactive  and  transform 
into  a  stable  state  by  means  of  a  series  of  successive  radioactive 
transformations  with  the  emission  of  8-  and  y-radiation;  these 
processes  are  also  accompanied  by  the  emission  of  neutrons  and 
y-quanta.  Below  is  given  the  fission  reaction  of  the  nucleus 

leading  to  the  formation  of  fission  products  which,  having 
undergane  a  chain  of  successive  transformations,  are  converted 

into  stable  Isotopes: 

? 

(«.  2/i)m  Zr*  + 

,  «Nb*»  ► 

The  sum  of  the  masses  of  end  products  of  fission  is  less 
than  the  mass  of  the  initial  nucleus  by  a  magnitude  equivalent  to 

i 

the  binding  energy  (the  mass  defect).  Therefore  the  process  of 
fission  is  accompanied  by  the  generation  of  energy  on  an  order 
of  195  Me'v  for  every  act  of  fission.  About  951  of  this  energy 
is  freed  instantly,  and  the  remainder  liberated  during  the 
radioactive  decay  of  the  fission  products.  Neutrons  and  y-quanta, 
emitted  by  the  initial  nucleus,  are  called  instantaneous,  and 
those  emitted  by  the  fission  products  -  delayed. 

1  The  fission  energy,  MeV,  is  distributed  in  the  following 
manner  [493]: 
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Fission  neutrons  6 
Fission  products  182 
Instantaneous  y-ridiation  6 
Y-quanta  of  decay  5 
Delayed  y-quanta  5 
Neutrino  11 

Total  195 


Figure  44  shows  the  arrangement  of  the  chain  reaction 
relative  to  U £491]. 
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Fig.  44.  The  emergence  of  radiation  in  a  reactor. 

KEY:  (1)  2  fissionable  fragments;  (2)  Instantaneous 
y-radiation;  (3)  2.5  fast  neutrons;  (4)  Neutrons  of 
decay,  0.2-1  MeV;  (5)  Radioactive  nucleus;  (6)  Moderator 
or  scatterer  of  energy;  (7)  Slow  neutrons;  (8)  y- 
quanta  of  nonelastic  scattering;  (9)  y-quanta  of  decay; 
(10)  X-rays  and  y-quanta  of  slowing  down;  (11) 
Annihilation  of  ^  and  positron;  (12)  3-particles; 

(13)  Beri Ilium  or  deuteruim;  (1*0  Phctoneutrons;  (15) 
Element  of  division  (L2*5). 


The  radiation  field  of  a  nuclear  reactor.  Let  us  examine 
briefly  the  contribution  of  individual  components  of  reactor 
radiation  during  the  Irradiation  of  materials  in  the  reactor  core 
section. 


The  energy  of  neutrons  obtained  in  fission  reactions  lies 
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basically  in  the  area  from  0  to  2  MeV,  however,  there  are  high- 
energy  neutrons  right  up  to  20  MeV  [491*,  ^55] •  The  energy  dis¬ 
tribution  spectrum  of  neutrons  is  one  of  the'  most  important 
factors  during  the  irradiation  of  materials  in  a  reactor  because 
tne  energy  of  neutron?  uniquily  determines  the  probability  of  the 
reaction  during  their  interaction  with  the  material  of  the  target 
(the  object  being  irradiated). 

In  the  examination  of  radiochemical  effects  with  the  participa¬ 
tion  of  neutrons  during  the  irradiation  of  materials  in  a  nuclear 
reactor  the  radiation  capture  and  absorption  with  the  emission 
of  charged  particles  are  significant.  Specifically,  during  the 

irradiation  of  hydrogenous?  materials  by  neutrons  radiation 

1  2 

capture  in  the  reaction  H  ’(r\,  v)H  makes  a  noticeable  contribution 
to  an  increase  in  the  flux  of  -y-quanta,  and  during  the  irradiation, 
for  example  of  nitrogen-containing  materials,  the  emission  of 

ih  iL 

charged  particle  in  the  reaction  N  (n,  p)C  also  leads  to  an 
increase  in  the  share  of  absorbed  energy. 

The  fission  products  nave  atomic  numbers  of  approximately 
UO  and  52  and  mass  of  97  and  137  respectively.  Low  speed  and 
large  mass  limit  the  penetrating  power  of  the  fission  products 
up  to  several  micron  in  solids  and  liquids.  The  kinetic  energy 
of  the  fission  products  (—80%  of  all  the  fission  energy)  is 
converted  into  heat  energy. 

The  rate  of  emission  of  electrons  by  fission  products  during 
radioactive  decay  is  approximately  equal  to 

.1  =  3,8  IO-4  *-1-*,  (122) 

where  A  -  the  rate  of  emission,  eleatron/8  per  act  of  fission;  t  - 
time  after  division,  days. 
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The  main  fraction  of  emitted  electrons  has  an  energy  of 
*•0.^  MeV.  A  large  part  of  emitted  electrons  is  absorbed  in  the 
material  of  the  nuclear  fuel  and  it  does  not  make  a  substantial 
contribution  during  the  irradiation  of  materials  in  the  field  of 
a  nuclear  reactor. 


The  absorbed  dose  in  the  material  being  irradiated  in  the 
field  of  a  nuclear  reactor  is  conditioned  basically  by  y-radiation- 
instantaneous  and  delayed.  The  spectrum  of  y-radiation  of 
various  reactors  is  examined  in  work  r4«6]. 


Radiation  modification  with  ine  utilization  of  reactors.  The 
utilization  of  a  significant  fraction  of  fission  energy  which  is 
carried  off  by  y-quanta  and  neutrons  which  are  not  participating 
in  the  chain  reaction  is  very  tempting,  however,  the  practical 
utilization  of  this  energy  for  the  realization  of  industrial 
radiochemical  processes,  for  example  the  modification  of  polymers, 
thus  far  runs  into  obstacles  which  are  difficult  to  surmount 
(the  appearance  of  induced  radioactivity  in  the  irradiated  sub¬ 
stance,  significant  temperatures  within  the  limits  of  the  core, 
and  others). 


The  greatest  part  of  fission  energy  is  converted  into  the 
kinetic  energy  of  fragments,  therefore  both  in  the  USSR  and  abroad 
possibilities  of  the  utilization  of  this  energy  are  being 
investigated  intensively.  In  connection  with  the  very  small 
ranges  the  use  of  fission  products  for  the  modification  of  polymeric 
materials  has  not  been  successful,  however,  realization  of 
chemical  reactions  (synthesis  for  example)  is  possible  with  the 
help  of  the  direct  contact  of  the  reaction  mixture  and  the 
nuclear  fuel.  The  realization  of  this  so-called  "ehemonuclear 
synthesis”  in  industrial  scales  is  a  promising  trend  of  the 
utilization  of  nuclear  radiation  in  radiochemical  processes; 
however,  this  path  is  also  connected  with  certain  difficulties 
(specifically  the  products  of  chemonuclear  synthesis,  which 
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contain  partially  the  products  of  fission,  are  radioactive  and 
must  be  purified  thoroughly). 

The  irradiation  of  materials  and  products  directly  in  the 
reactor  core  is  not  the  only  path  for  the  utilization  of  fission 
energy.  Today  at  least  two  additional  possibilities  exist. 


The  first  of  them  consists  of  the  utilization  of  the  fuel 
elements  of  the  reactor  [tvel]  (tb3J])  which  have  exhausted  the 
run  as  the  radiation  sources.  Fuel  elements  irradiated  in  a 
reactor  possess  high  radioactivity  both  as  a  result  cf  the  neutron 
activation  and  due  to  the  accumulation  in  them  of  radioactive 


fission  products.  Prior  to  technical  treatment  for  the  purpose 
of  regeneration  of  unused  nuclear  fuel  the  fuel  elements  are  stored 
in  order  to  lower  their  activity  as  a  result  of  radioactive  decay 
and  during  this  period  they  can  be  used  as  sources  of  y-radiauion 
for  radiochemical  processes.  The  average  energy  of  y-radiation  of 
fuel  elements  is  0.7  MeV,  and  their  activity  drops  quite  rapidly 
with  time.  Therefore  the  utilization  of  .uel  elements  in  installa¬ 
tions  for  irradiation  stipulates  a  quite  frequent  overloading 
which  is  coupled  with  certain  inconveniences  [497-500], 

As  the  basis  for  the  second  possibility  lies  the  original 
idea  of  the  "yield"  of  raaiation  from  the  reactor  core  by  means 
of  the  creation  of  a  circulation  circuit,  the  working  substand 
in  which  are  liquid-metal  alloys  made  from  elements  with  a  large 
neutron  capture  cross  section  and  a  small  half-life  (In-Ga-Sn,  In- 
Ga,  etc.).  The  working  substand,  flowing  between  the  core  and 
the  reflector  of  the  reactor,  is  activated  due  to  the  absorption 
of  neutron  leakage  and  it  makes  it  possible  to  create  a  source  of 
y-radiation  of  high  effectiveness  outside  the  limits  of  the 
reactor. 


Radiation  circuits  have  been  constructed  abroad  and  in  the 
USSR  (Gruzinskaya  and  Latviyskaya  AH  SSR)  and  they  are  used  for 
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scientific-research  purposes  and  for  conducting  experiments  which 
model  radiochemical  processes  [501-503]. 

Calculation  shows  that  with  a  thermal  neutron  flux  of 
12  2 

1*10  neutron/ {am  *s)  the  total  power  of  the  radiation  circuit 

is  50  kW  (~5'10^  gram-equivalent  of  radium).  The  annual  pro¬ 
ductivity  of  the  radiation  circuit  (Q  t/yr)  is  equal  to 


where  w  -  power  of  y- radiation,  kW;  n  -  efficiency  of  apparatus, 
on  y-radiation,  %;  D  -  absorbed  dose,  Mrad. 

In  the  modification  of  polyethylene  (D  =  100  Mrad,  n  =  25% 

♦ 

and  operating  time  -  4500  h)  the  annual  productivity  of  the 
radiation  circuit  comprises  approximately  200  t/yr. 

Apparently  such  a  process  can  compete  with  the  irradiation 
of  polyethylene  on  cobalt  sources. 

Radiation  circuits  have  a  series  of  substantial  advantages 
as  compared  with  y-sources  on  the  basis  of  long-lined  isotopes 
[504-505]:  1)  the  possibility  of  regulating  the  activity  over 

a  wide  range  of  dose  rates  with  the  help  of  a  change  in  the  rate 
of  circulation  of  the  working  substance;  2)  the  ease  of  changing 
the  configuration  of  the  irradiator  relative  to  the  specifics  of 
the  product  being  irradiated;  3)  the  rapid  drop  in  activity  with 
termination  of  circulation  of  the  working  substance. 

Furthermore  the  use  of  radiation  circuits  considerably 
raises  the  factor  of  utilization  of  reactor  power. 

The  advantages  of  radiation  circuits  noted  above  show  the 
promise  of  their  utilization  for  the  realization  of  large-capacity 
industrial  radiochemical  processes. 
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Isotope  Sources  of  Ionizing  Radiations 

Among  the  numerous  isotope  sources  of  ionizing  radiations 

60 

put  out  by  nuclear  industry,  the  one  used  most  is  the  isotope  Co 
[504-5073,  obtained  in  nuclear  reactors  from  metallic  chemically 
pure  cobalt: 

With  the  subsequent  radioactive  decay  of  cobalt  (the  hali- 
life  is  5-3  years)  two  y-quanta  with  energies  of  1.33  and  1.17  MeV 
are  emitted. 

137 

There  is  also  a  certain  interest  in  sources  from  Cs 
(energy  of  y-quanta  0.66  Mev,  period  of  half-life  -  33  years). 

Soviet  industry  produces  standard  cobalt  sources  with  an 
activity  of  5-3000  g-equlv  of  radium.  Cobalt  sources  have  been 
ampulated  into  airtight  aluminum  or  steel  (from  stainless  steel) 
casings. 


From  the  standard  sources  irradiators  of  different  configura¬ 
tion  relative  to  concrete  radiochemical  processes  are  collected. 

Most  widely  used  are  irradiators  assembled  in  the  form  of  a  hollow 
cylinder  ("squirrel  wheel")  cr  plane.  The  first  type  of  irradiators 
make  it  possible  *-.o  obtain  a  high  dose  rate  in  the  inner  cavity 
of  the  irradiator;  it  is  advantageous  to  use  flat  irradiators 
during  the  conveyer  transport  of  materials  through  the  radiation 
zone. 

The  constructional  fulfillment  of  isotope  installations  is 
very  diverse  [504,  506-5093*  They  are  distinguished  by  the  type 
of  biological  shielding  in  the  case  of  an  idle  source  (concrete, 
water,  and  others),  the  methods  of  converting  the  source  from 
idle  to  working  (electromagnetic,  pneumatic,  mechanical),  and 
others. 
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Despite  the  significant  diversity  of  isotope  installations 
(based  on  the  configuration  of  irradiator,  the  type  of  shielding, 
and  others),  the  principle  of  their  constructional  fulfillment  is 
sufficiently  simple  and,  as  a  rule,  is  determined  by  the  features 
of  the  radiochemical  technology  relative  to  which  they  have  been 
developed. 

As  an  example  let  us  examine  the  construction  of  the  K-20,000 
installation  (source  activity  -  20,000  g-equiv  of  radium), 
created  at  the  NIFKhI  imeni  L.  fa.  Karpov  [NIFKhl-Physicochem- 
ical  Sci-Res.  Institute]  [504-5051.  In  this  installation  a 
variant  of  "dry"  shielding  has  been  accepted.  In  the  storage 
position  the  source  is  located  in  a  special  lead  container;  in 
the  working  position,  when  source  has  been  withdrawn  from  the 
container, ' shielding  is  accomplished  by  concrete  walls  and  a 
labyrinth  entrance.  The  irradiator  of  the  installation  is  a 
hollow  cylinder  with  a  height  of  190  cm  and  outside  diameter  of 
140  mm,  and  it  contains  56  standard  cylindrical  preparations 
of  Co^°.  The  average  dose  rate  in  the  center  of  the  irradiator 
is  -1100  r/s. 

Given  below  are  the  technical  data  for  isotope  gamma-installa¬ 
tions  at  the  NIFKhI  imeni  L.  Ya,  Karpov  which  are  utilized  for 
conducting  radiochemical  processes  of  large  scales. 


Characteristics  of  irradiator 

Type 

K-200 

of  installation. 

KP-140  KSV-500 

Activity,  g-equlv  of  radium 

200.000 

190,000 

530,000 

Number  of  preparations,  pcs. 

Maximum  specific  activity  of  preparation. 

160 

140 

220 

g-equiv  of  radiwi 

35 

70 

90 

Maxima  dose  rate,  r/s 

350 

2,000 

400 

Method  of  Movement  of  source 

Electromagnetic 

Pneumatic 

Mechanical 

The  utilization  of  isotope  y-sources  of  ionizing  radiations 
is  advantageous  during  the  irradiation  of  massive  objects  of 
complex  shape.  In  which  the  creation  of  a  uniform  filed  of 
absorbed  doses  in  the  case  of  corpuscular  emission  is  hindered 
in  practice  or  generally  unattainable. 

However,  in  a  number  of  cases,  for  example  during  the 
irradiation  of  cable  products  with  poliolefirt  Insulation,  the 
use  of  isotope  gamma-installations  is  combined  with  some 
difficulties  of  a  technical  order  due  to  the  low  dose  rates  of 
irradiation1  (in  this  case  irradiation  has  to  be  connected  in  an 
inert  atmosphere  or  a  vacuum  for  the  prevention  of  oxidation  during 
irradiation) ;  at  the  required  absorbed  doses  of  -100  Mrad  the 
time  for  processing  is  v*ry  considerable;  furthermore,  the 
effectiveness  of  the  utilization  of  radiation  at  an  optimal 
geometry  of  irradiators  is  fairly  low  (20-30J5). 

Accelerators  of  Charged  Particles 

The  charged-particle  accelerators  make  It  possible  in 
principle  to  obtain  high-energy  bundles  of  any  charged  particles, 
however,  when  selecting  the  type  of  corpuscular  emission  for  the 
radiation  modification  of  the  polymers  the  guiding  factors  are 
the  penetrating  power  of  the  particles  of  a  given  form  in  the 
material  being  irradiated.  Therefore  fast  '.aectrons  due  to 
their  high  penetrating  power  are  the  only  industrially  utilized 
type  of  radiation. 

The  maximum  depth  of  penetration  of  electrons  into  a  material 
with  an  unitary  density,  expressed  in  centimeters,  is  equal 
approximately  to  half  of  the  energy  expressed  in  megaelectronvolts , 
i.e.,  electrons  with  an  energy  of  MeV  ca:)  penetrate  in  water 

JThe  creation  of  high  dose  rates  in  a  large  volume  is  possible 
in  principle  even  when  using  y-sources,  bu’;  thi;  is  combined 
with  significant  technical  difficulties. 
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to  a  distance  of  approximately  2  cm  (the  run  of  heavy  charged 
particles  -  protons,  a-particles,  and  other  ions  -  with  this  same 
energy  is  several  microns). 

The  fast  electrons  generated  by  accelerators  can  be  used  to 
obtain  X-rays,  but  the  maximum  effectiveness  of  conversion  at 
energies  up  to  3-4  MeV  does  not  exceed  10%  and  the  radiation 
intensity  correspondingly  drops. 

There  are  many  types  of  high-energy  electron  accrlerators 
which  are  distinguished  by  operational  and  constructional  features. 
Accelerators  divided  into  two  groups:  accelerators  of  direct 
and  indirect  action. 

The  direct  action  accelerators  are  those,  in  which  the 
accelerated  particle  acquires  total  energy  during  a  single 
passage  of  the  high-voltage  interval.  The  energy  of  the  electron 
in  such  an  accelerator,  expressed  in  megaelectronvolts,  is 
numerically  equal. to  the  potential  difference  of  the  accelerating 
tube  in  megavolts.  The  maximum  value  of  electrical  voltage 
(and  correspondingly  the  energy  of  electrons)  which  can  be 
obtained  on  a  direct  action  accelerator  is  determined  by  the 
electrical  strength  of  the  accelerator  tube  and  other  structural 
elements.  The  direct'  action  accelerators  Include  the  electro¬ 
static  generator  (Van  de  Graaf  accelerator),  resonance  transformer, 
dynamitron,  and  others. 

The  accelerators  of  indirect  action  are  those  in  which  the 
accelerated  particle  traverses  the  accelerating  gaps  many  times, 
gradually  accumulating  small  quanta  of  energy.1  Depending  on  the 


^In  this  case  the  complete  energy  of  the  accelerated  particle 
is  determined  not  only  by  the  magnitude  of  voltage  applied  on 
the  acceleration  interval,  but  also  by  the  number  of  passages 
through  the  interval. 
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trajectory  of  the  accelerated  particle  this  group  of  accelerators 
Is  divided  into  cyclic  (spiral  or  circular  path)  and  linear 
(straight  path)  accelerators.  Acceleratrs  of  indirect  action 
include  the  cyclotron,  betatron,  synchrotron,  linear  accelerator, 
and  others. 

For  the  realization  of  industrial  radiochemical  processes 
the  greatest  interest  lies  in  three  types  of  accelerators  - 
electrostatic  generator,  resonance  transformer,  and  linear 
accelerator. 

The  descriptions  of  accelerators  of  various  types  are 
covered  in  a  large  number  of  works  and  monographs  [510-516]. 

Electrostatic  generator.  The  electrostatic  generator,  which 
was  proposed  in  1931  by  Van  de  Graaf,  is  the  most  widespread 
direct  action  accelerator.  It  is  used  extensively  both  in 
physical  experiments  and  in  clinical  therapy,  industrial 
radiography,  and  also  for  radiochemical  investigations,  the 
fundamental  range  of  energy  of  this  type  of  accelerator  is 
0.5-5  MeV.  According  to  works  £517,  518]  the  distribution  of 
electrostatic  generators  according  to  use  in  1962  was  the 
following: 

Nuclear  research 
Clinical  therapy 
Industrial  radiography 
Radiation  investigations 

Altogether 

The  principle  of  operati ;n  of  electrostatic  generator  (Fig. 
45)  is  sufficiently  simple:  a  belt  conveyor,  insulated  from 

the  earth,  transfers  an  electric  charge  from  a  charging  device 
to  a  high-voltage  electrode.  Near  the  lower  pulley  onto  the 
surface  cf  the  transporter  belt  a  charge  from  a  high-voltage 
source  will  be  applied.  Its  magnitude  is  doubled  with  the  help 
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of  a  recharging  device;  the  upper  pulley  is  located  under  a 
high-voltage  dome  -  the  conductor  -  and  it  is  found  under  the  total 
voltage  developed  by  the  generator.  The  high-voltage  acceleration 
tube,  which  consists  of  the  electron  source  (the  cathode)  and 
an  electron-optical  system  for  beam  focussing,  is  usually  arranged 
vertically,  next  to  the  conveyor  belt;  the  whole  system  is  placed 
into  a  metallic  tank  filled  with  a  mixture  of  C02  and  N2  or  SFg 
under  a  pressure  up  to  30  kgf/cm^  for  suppression  of  corona 
discharge. 

Fig.  45.  The  arrangement* of  a  electrostatic 
generator:  1  -  charging  comb;  2  -  power 
pack;  3  -  lower  pulley;  4  -  belt  made  from 
insulated  material;  5  -  upper  pulley;  6  - 
metallic  hemisphere;  7  -  metal  casting; 

8  -  power  pack  of  the  filament;  9  -  filament; 
10  -  potential  divider;  11  -  evacuated 
accelerator  tube;  12  -  scanning  coil;  13  - 
window  for  output  of  electrons. 


The  monochromatic  electrons  obtained  on  the  electrostatic 

2 

generator  are  focussed  into  bundle  with  an  area  of  -1  cm  with 
a  Gaussian  distribution  of  intensity  along  the  diameter  of  bundle 
and  are  lead  out  from  the  vacuum  high-voltage  tube  into  atmosphere 
through  an  aluminum  or  titanium  foil  with  a  thickness  of  several 
tens  of  microns.  In  this  case  occurs  the  certain  power  loss  of 
accelerated  electrons. 

In  electrostatic  generators  the  maximum  current  depends  on 
the  width  and  the  speed  of  the  conveyer  belt.  Usually  this 
type  of  accelerator  has  a  current  on  the  order  of  1  milliampere, 
although  it  is  possible  to  achieve  high  currents.  Therefore 
industrially  produced  accelerators  of  this  type  on  an  energy  of 
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electrons  up  to  5  MeV  have  a. power  less  than  5  kW . 

Soviet  industry  produces  electrostatic  generators  of  different 
energy  serially.  The  E9-2.5  electrostatic  accelerator  [316]  has 
the  following  characteristics:  operating  voltage  1-2.5  MeV, 
current  in  a  bundle  -250  yA.  During  pulsing  it  is  possible  to 
obtain  considerably  high  currents. 


Abroad  the  HVEC  firm  produces  electrostatic  generators 
intended  especially  for  radiochemical  investigations  and  processes 
[^91]:  . 


Energy,  MeV 


Current,  in  A 

1.67 

1.0 

1.0 


Electrostatic  generators  because  of  their  mechanical  features 
possess  the  following  significant  advantages:  1)  the  possibility 
of  changing  the  accelerating  voltage  over  a  wide  range;  2)  the 
high  stability  of  accelerating  voltage  and  therefore  energy 
homogeneity  of  the  electron  stream;  3)  the  possibility  of 
utilization  of  the  generator  not  only  in  a  static,  but  also  in 
a  pulsed  operation;  *0  the  possibility  of  changing  the  parameters 
of  pulsed  operation  by  using  high-voltage  electrodes  of  various 
geometric  dimensions  (change  in  the  capacity  of  the  system). 

The  peculiarities  of  electrostatic  generators  noted  above 
condition  the  prospect  of  their  use  in  industrial  radiation  pro¬ 
cesses. 

r 

Distortion  transformer.  In  this  type  of  accelerators  the 
high-voltage  generator  is  a  low-frequency  (50-180  Hz)  transformer, 
into  which  a  high-voltage  accelerator  tube  is  mounted  coaxially. 
The  transformer  and  the  tube  are  placed  into  a  metallic  tank  with 
compressed  gas  (freon,  elegaz  [Translator’s  note:  Possibly  - 
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sulfur  hexafluoride]  and  others).  Initially  the  resonance)  trans¬ 
former  was  used  ior  obt aiding  X-rays  for  theraputic  purposes, 
and  subsequently  it  began  to  be  used  as* a  source  of  electrons  [5193 

i  ! 

Figure  46  shows  a  cross  section  of  a  resonance  transformer 
[5153*  The  latter  consists  of  the,  primary  and  secondary  winding, 
between  which  a  magnetic  circuit  is  arranged.  The  accelerator  ! 

1  •  i 

tube,  arranged  along  the  axis  of  transformer,  is  connected 

,  i  * 

with  the  disks  of  the  magnetic  circuit.  ,  The  electron  injector 
has  a  control  electrode!  The] power  supply  of  the  injector,  the 
control  electrode,  and  the  cathode  filament  is  accomplished  by  the 
application  of  voltage  from  part  of  the  secondary  winding.  The 
capacitance  divider  ’is  the  sensor  of  the  circuit  for, the  automatic 
control  of  voltage.  . 

!  .  i 

»  1 

The  Constance  of  accelerating  voltage  is  attained  by  current 
regulation  in  the  tube  with  the  help  of  a  change  in  potential  6n 
the  control  electrode  of  the  jlnjeetor:  the  voltage  drop  on 
the  accelerator  tube.  is  deducted  from  the  voltage  applied  to  the 
tube  of  the  secondary  winding  and  under  a!  specific  law  for  a  change 
In  current  through  the  tube  constancy  of  accelerating  voltage  1 
is  ensured.  1 

! 

I  II:  :  1 

A  mechanical,  analog  of  the  resonance  transformer  is  the  rock¬ 
ing  pendulum  or  the  mechanical  system,  in  which  the  -mass  vibrated 
into  resonance  with  ah  elastic  support.  In  suchi a  mechanical, 
system  a  small  force  with"  frequency  equal  to.  the  natural  frequency 
of  the  system  at  a  relatively  small  power  can  maintain  a, large 
amplitude  of  oscillation*  1 

,  i  .  : 

The  natural  frequency  of  the  high-voltage  circuit  of  d 

;  j 

resonance  transformer  is  selected  equal  to  the  frequency,  of  > 

power-supplying  voltage. 
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Pig.  46.  Constructional  layout  of  a  resonance  transformer 
(E1T-1.5);  1  -  primary  winding  of  transformer;  2  -  section 

of  secondary  winding;  3  -  magnetic  circuit  disk;  4  -  high- 
voltage  part  of  magnetic  circuit  (head);  5,  6,  14  -  parts 

of  the  magnetic  circuit;  7  -  coil  of  head;  8  -  accelerator 
tube;  9  -  control  electrode;  10  -  injector;  11  -  power 
system  for  injector;  12  -  capacitor  bank;  13  -  capacitance 
pickup  of  head;  15  -  boiler;  16  -  base  of  magnetic  circuit; 

17  -  vacuum  pump;  18  -  turning  magnet;  19  -  funnel  with 
delivery  port;  20  -  Rogovskiy  belt;  21  -  tester;  22  -  copper 
rings;  23  -  bearing  cylinders;  24  -  elastic  contacts  of 
accelerator  tube;  25  -  screen  of  primary  winding;  26  - 
screens  of  sections  of  the  secondary  winding;  27  -  protective 
gaps;  28  -  ohmic  divider;  29  -  magnetic  lens;  30  -  radiation 
spleens;  31  -  electrodes  for  the  accelerator  tube;  32  -  ball 
bearing  for  the  tube;  33  -  packing  for  the  tube;  34”-  radiation 
shielding;  35  -  radiator  for  cooling;  36  -  ventilator. 
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In  the  [E1T-1.5]  (3.nT~1.5)  accelerator,  developed  at  the 
Institute  of  Nuclear  Physics  of  the  Siberian  Department  of  the 
Academy  of  Sciences  USSR,  the  natural  frequency  of  the  resonance 
transformer  is  equal  to  50  Hz,  and  the  power  supply  of  the  primary 
winding  is  accomplished  directly  from  the  network.  In  American 
installations  [319,  320]  they  use  a  frequency  of  180  Hz  which  is 
developed  by  a  synchronous  dynamotor.  In  this  case  the  high 
frequency  stability  at  assigned  level  is  attained;  thus  for  a 
generator  on  a  voltage  of  1  MV  the  frequency  fluctuations  lie 
within  the  limits  of  180  ±  0.9  Hz,  and  for  a  generator  on  2  MV  - 
180  ±  0.5  Hz. 

The  significant  excess  of  pulsed  power  over  average  In 
resonance  transformers  does  not  reduce  the  possibilities  of  their 
use  for  radiochemical  processes,  because  in  the  procedures  developed 
for  the  irradiation  of  materials  and  products  the  required 
absorbed  dose  is  collected  additively  from  the  large  number  of 
pulses . 

E1T-1.5  installations  [515]  have  the  following  parameters: 

Supply  voltage  of  primary  winding, 

frequency  220/380  V,  50  Hz 

Maximum  voltage  on  the  secondary 

winding  in  the  mode  of  idling  1.7  MV 

Range  of  change  in  accelerating 

voltage  .  0.4-1.5  HV 

Average  power  of  electron  beam 

(V  =  1.5  MV)  25  kW 

Pulsed  power  of  electron  beam  150  kW 

Average  current  under  basic  conditions  17  mA 

Resonance  transformers  are  produced  by  many  foreign  firms : 

Max  Plank  Institute  (PRO)  -  an  accelerator  on  2  MeV,  Toyo  Rayon 
Co.,  Osaka  (Japan)  -  an  accelerator  on  1  MeV,  General  Electric  Co., 
(USA)  -  an  accelerator  on  1  MeV,  and  others. 


As  compared  with  direct  action  accelerators  of  other  types 
the  resonance  transformer  has  the  following  advantages:  1)  the 
automatic  control  of  accelerating  voltage  and  current  in  the  beam; 

2)  high  efficiency;  3)  the  possibility  of  obtaining  an  electron 
stream  of  high  power;  4)  the  absence  of  moving  parts. 

Linear  accelerators.  The  use  of  the  method  of  direct 
acceleration  of  electrons  on  an  energy  higher  than  5  MeV  runs 
into  ever  increasing  difficulties  connected  with  providing  for 
the  insulation  of  the  high-voltage  parts  of  the  accelerator,  which 
in  particular  leads  to  an  increase  in  dimensions  which  is  not 
proportional  to  energy.  As  a  result  of  this  for  industrial  use 
accelerators  of  direct  action  on  an  energy  greater  than 
5  MeV  are  not  made,  although  unique  samples  for  physical 
investigations  exist  in  a  number  of  countries. 

Therefore  electron  beams  with  an  energy  higher  than  5  MeV  are 
obtained  with  the  help  of  accelerators  of  indirect  action  - 
the  so-called  "linear  resonance  accelerators”  [515,  521-523].  In 
a  linear  accelerator  a  high-frequency  electric  field  is  used  which 
is  applied  to  the  linear  periodic  system  of  electrodes,  the 
frequency  of  which  is  constant  and  it  is  found  in  resonance  with 
the  movement  of  particles.  One  and  the  same  particle  passes  all 
the  accelerating  gaps  at  the  same  phase  of  electric  field  and  is 
accelerated  in  every  interval.  The  layout  of  a  linear  accelerator1 
is  shown  in  Pig.  47. 

Already  at  a  comparatively  low  energy  -  2  MeV  -  the  speed  of 
the  electrons  approaches  the  speed  of  light  (-0.92  S)  [S  -  speed  of 
light],  which  makes  it  possible  to  make  the  distance  between 
electrodes  -  adjacent  accelerating  gaps  -  identical.  In  linear 
accelerators  usually  waveguides  with  a  running  or  standing  wave 
are  used. 

*The  principle  of  operation  of  linear  accelerators  is  described 
in  detail  in  work  [513]- 
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Pig.  47.  The  layout  of  a  linear 
accelerator:  1  -  input  of 
high-frequency  power;  2  -  load; 

3  -  feedback;  4  -  the  shift  of 
phase  unit;  5  -  the  window  for 
output  of  electrons;  6  -  focusing 
coils;  7  -  the  area  of. energy 
storage  by  electrons;  8  -  the 
area  of  beam' shaping;  9  - 
wave  guide;  10  -  electron  gun; 

11  -  power  supply  of  wave 
guide. 


In  such  a  wave  guide  (right  angled  or  circular  section)  the 
wave  velocity  of  the  running  wave  is  equal  to  the  speed  of  the 
electrons.  The  phase  velocity  of  wave  is  equal  to 

„  „ _ £_ _  (124) 

’ 

where  A  -  the  wavelength  of  the  high-frequency  field  during  its 
dissemination  outside  the  wave  guide;  a  -  the  maximum  size  of  a 
section  of  the  wave  guide. 

As  can  be  seen  from  expression  (124),  the  phase  velocity  ex' 
the-  wave  proves  to  be  greater  than  the  speed  of  light.  In  order  to 
lower  this  velocity  to  the  speed  of  the  electrons  the  wave  guide 
is  loaded  with  concentrated  distributed  reactive  loads  (usually 
ring  diaphragms). 

Minimal  3izes  and  maximum  quality  of  a  wave  guide  can  be 
obtained  only  at  a  sufficiently  high  frequency  of  electromagnetic 
vibrations,  therefore  as  the  source  of  high-"requency  power  a 
magnetron  or  klystron  is  used.  The  pulsed  power  of  contemporary 
high-frequency  generators  reaches  tens  of  tnousands  of  kilowatts 
with  a  frequency  of  3000  MHz  and  a  pulse  width  of  several  micro¬ 
seconds. 
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The  fundamental  characteristics  of  linear  accelerators  of 
electrons  produced  in  the  USSR  and  abroad  are  noted  below. 


Producing  firm 

Metropaliten  Vickers  Electrical 
Co.,  Ltd. 

Millard  Research  Laboratories, 

Associated  Electrical  Industries,  Ltd. 

Applied  Radiation  Corporation,  Varian 
Associated  Electrical  Industries,  MIFI, 

USSR  [MIPI  -  Moscow  Engineering  Physics 
Institute]. 

Linear  accelerators  of  electrons  can  be  used  in  industrial 
radiochemical  processes  when  it  is  necessary  to  irradiate  massive 
objects  up  to  significant  absorbed  doses.  Furthermore  these 
installations  are  of  interest  also  as  sources  of  hard  x-radiation, 
since  the  conversion  coefficient  at  energies  of  several  tens  of 
megaelectron volts  is  already  sufficiently  great  and  at  a  power  of 
bundle  of  tens  of  kilowatts  such  a  trans formation  is  technically 
and  economically  justified. 

The  brief  description  given  above  for  the  sources  of  ionizing 
radiations  shows  that  today  there  is  already  a  sufficient  diversity 
of  them  both  based  on  the  form  of  radiation  and  on  power.  The 
fundamental  technical-engineering  problems  in  the  creation  of 
powerful  radiation  sources  for  industrial  purposes  have  been 
solved  to  a  considerable  degree  and  work  in  this  field  continues 
to  be  developed  intensively  relative  to  the  demands  of  developing 
radiochemical  technology.  The  questions  connected  with  the 
selection  of  one  or  another  type  of  source  for  a  specific 
radiochemical  process  taking  into  account  all  the  specific  features 
of  technology  and  economy  are  examined  below. 


Average 

Source  of 
high-frequi 

Energy.  MeV 

power  kW 

power 

8 

0.3 

Magnetron  \ 

l4 

0.45 

Magnetron  J 

4 

0.4 

Magnetron  ) 

2-10 

1.3 

Klystron  l 

2-15 

5.0 

Klystron  > 

25 

30.0 

Klystron  ) 

1.4-2 

0.4 

Magnetron. 

THE  TECHNOLOGY  OP  RADIATION  MODIFICATION 

The  principles  of  selection  of  the  sources  of  Ionizing 
radiation.  The  radiation  source  for  an  industrial  radiochemical 
process  is  selected  taking  into  account  many  factors,  the  main 
of  which  are  the  following:  1)  the  necessary  Irradiation  dose; 
2)  the  productivity  of  the  process;  3)  economic  effectiveness  of 
irradiation. 

The  first  two  factors  determine  the  power  of  the  radiation 
source.  Since  in  most  cases  it  is  not  possible  to  use  radiant 
energy  completely,  during  the  determination  of  source  Intensity 
it  is  necessary  to  introduce  the  radiation  utilization  factor. 
The  radiant  energy  does  not  enter  into  this  examination  because 
it  is  selected  oi  the  strength  of  the  penetrating  power  of 
radiation  of  the  given  form  taking  into  account  the  providing  of 
optimal  distribution  of  dose  field  in  the  bulk  of  the  irradiated 
object. 

The  economic  effectiveness  of  the  utilization  of  ionizing 
radiations  for  the  conducting  of  radiochemical  processes  depends 
on  the  following  factors  £546-548]:  1)  radiochemical  reaction 

yield; '2)  the  cost  1  kWh  of  radiant  energy;  3)  the  radiation 
utilization  factor;  4)  the  volume  of  production. 

As  already  mentioned,  a  necessary  requirement  for  the 
technology  of  the  radiation  processing  of  materials  in  general, 
and  cable  polymeric  insulation  especially,  is  the  homogeneity  of 
the  modified  material  in  its  entire  volume,  which  it  Is  possible 
to  achieve  only  under  the  condition  of  evenness  of  the  field  of 
absorbed  doses. 

The  radiation  processing  of  polymers  for  the  achievement  of 
the  necessary  operating  characteristics  can  be  carried  out  on 
finished  products  because  the  polymeric  materials  subject  to 


302 


irradiation  lose  their  manufacturability ,  they  cannot  be  reworked 
into  products  by  the  methods  of  extrusiqn,  molding,  milling, 
etc. 


At  the  same  time  the  irradiation  of  cable  products  in 
finished  form  (or  semi-finished  goods)  for  the  purpose  of  the 
radiation  modification  of  polymeric  (for  instance,  polyethylene) 
insulation  presents  significant  difficulties  because  cable  pro¬ 
ducts  are  typical  heterogeneous  systems. 

Furthermore  a  very  substantial  requirement  in  the  creation 
of  an'  economically  advantageous  radiation  process  is  the  achieve¬ 
ment  of  the  maximum  effectiveness  of  the  utilization  of  radiant 
energy . 

Apart  from  these  general  requirements,  the  use  of  one  or 
another  type  of  radiation  source  taking  into  account  its  power 
and  other  characteristics  gives  rise  to  the  necessity  for  the 
solution  of  a  number  of  acconpanying  problems  -  the  selection  of 
the  medium  for  irradiation,  the  providing  of  heat  withdrawal,  etc. 

Independent  of  the  form  of  radiation  source  used  in  the 
organization  of  an  industrial  radiochemical  process  some  general 
requirements  should  be  fulfilled:  the  building  of  a  special 
installation  for  the  accomodation  of  the  radiation  sources  and 
industrial  equipment:  the  ensuring  of  the  radiation  safety  of 
service  personnel;  the  reliability  of  the  system  of  signaling  and 
blocking,  etc.  These  problems  are  reflected  sufficiently  fully  In 
a  number  of  investigations  [524,  5253. 

All  this  naturally  considerably  limits  the  constructive 
formation  of  the  procedure  of  radiation  processing. of  cable  and 
electrical  insulation  products. 


At  the  same  time  for  various  types  of  ionizing  radiation  - 
Y-radiation  and  electron  -  the  technology  of  radiation  modification 
is  substantially  different  from  one  another,  therefore  they  will 
be  presented  separately. 

Let  us  examine  briefly  the  fundamental  parameters  and  the 
positive  solutions  realized  on  industrial  and  research-and- 
development  installations  for  the  radiation  modification  of 
# wires  and  cables  with  polymeric  coverings  and  some  other  electrical 
insulating  products. 

The  Technology  of  Radiation  Modification 
on  Isotope  Sources 

Intensively  conducted  investigations  for  the  purpose  of 
realization  on  industrial  scales  of  a  number  of  radiochemical 
processes  on  isotope  installations  (the  cross-linking  of 
polyethylene,  the  vulcanization  of  rubbers,  the  modification  of 
wood,  and  others)  led  to  the  working  out  of  general  physical 
engineering  methods  of  calculation  of  the  fundamental  parameters 
of  radiochemical  apparatuses  [526-530]  and  made  it  possible  to 
determine  the  influence  of  various  geometric  parameters  of  an 
installation  on  the  effectiveness  of  utilization  of  radiation 
[531-541]. 

Furthermore  relative  to  specific  radiochemical  processes 
optimal  parameters  have  been  proposed  for  isotope  installations 
[542-545], 

On  the  installations  described  in  literature  for  the  conduct¬ 
ing  of  radiochemical  processes  on  enlarged  and  industrial  scales 
with  the  help  of  yradiation  basically  irradiators  from  prepara¬ 
tions  of  Co^°  or  waste  fuel  elements  are  used. 

For  the  irradiation  of  wires  and  cables  with  polyethylene 
insulation  the  authros  of  work  [545]  used  a  cobalt  irradiator 
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assembled  in  the  form  of  two  concentric  arcs  with  radii  of  100 
and  105  cm.  The  radiochemical  apparatus  for  irradiation  was 
an  annular  cylindrical  vessel  (average  radius  105  cm),  into  which 
a  coil  with  a  cable  (wire)  wound  on  it  was  inserted.  This  vessel 
was  hermetically  sealed  and  after  vacuuming  filled  with  an  inert 
gas  (helium) .  For  the  creation  of  an  uniform  field  of  absorbed 
doses  the  thickness  of  the  cable  winding  was  selected  taking  into 
account  the  absorption  of  the  polymer  -  copper  system,  and  the 
apparatus  was  rdtated  around  a  vertical  axis .  At  an  activity  of 
irradiators  of  50 ,000  g-equiv  of  radium  and  an  utilized  height  of 
26  cm  the  average  power  of  absorbed  dose  comprised  52  rad/s  with 
a  nonuniformity  of  irradiation  of  ±10? ;  at  an  irradiation  dose 
of  100  Mrad  the  productivity  of  the  apparatus  reached  0.1  kg/h  and 
efficiency  (the  utilization  of  radiation)  ~3-5?* 


I  - 


For  increasing  the  coefficient  of  radiation  utilization  and 
productivity  of  the  installation  a  method  of  sectional  irradiation 
was  developed  which  was  realized  on  a  KSV-500  isotope  gamma- 
installation  with  an  activity  of  500,000  g-equiv  of  radium 
(Fig.  48).  Into  this  installation  into  the  cylindrical  irradiator 
an  apparatus  was  placed  and  concentric  coils  with  the  cable  (three 
series)  were  loaded  into  it.  In  this  case  it  was  possible  with 
the  help  of  the  special  apportionment  of  the  preparations  of 
Cobalt  to  use  85?  of  the  height  of  the  irradiators  for  irradiation. 
The  sectional  method  gives  rise  to  a  different  exposure  time  for 
every  coil,  however,  within  the  limits  of  one  coil  with  the 
appropriate  selection  of  the  thickness  of  winding  the  field  of 
the  absorbed  doses  has  a  scattering  of  no  more  than  ±10?,  and 
the  coefficient  of  utilization  and  productivity  of  the  apparatus 
Increases  considerably  (n  =  12?,  Q  =  1.2  kg/h),  despite  the 
necessity  for  manifold  overloading  witn  subsequent  sealing  and 
vacuuming. 
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Pig.  48.  The  layout  of  an  apparatus  for  the  radiation 
cross-linking  of  cable  products:  1  -  working  table; 

2  -  bearings;  3  -  piston-push  rod;  4  -  channel  for 
irradiator;  5  -  sources;  6  -  apparatus;  7  -  coil; 

8  -  cable;  9  -  vacuum  manometer;  10  -  drive. 

Both  the  positive  solutions  described  possess  the  shortcoming 
that  the  dimensions  of  the  drum  on  which  the  cable  (wire)  is 
wound  are  limited  by  the  configuration  of  the  irradiator,  which 
gives  rise  to  the  necessity  for  the  irradiation  of  cables  in 
comparatively  small  structural  lengths  (for  instance,  on  the  first 
apparatus  the  capacity  of  the  drum  for  a  cable  with  a  diameter  of 
6  mm  does  not  exceed  800  m).  This  deficiency  was  overcome  to 
a  considerable  extent  by  the  construction  of  an  apparatus  of  a 
KP-200  installation.  The  stepped  disposition  of  sources  in  the 
irradiator  made  it  possible  to  increase  its  height  up  to  -150  cm. 
The  equalization  of  the  field  of  absorbed  doses  on  the  perimeter 
of  the  apparatus  was  accomplished  by  means  of  the  partial 
screening  of  the  middle  part  of  the  sources  by  lead  filters,  by 
the  alignment  of  the  disposition  of  the  irradiators,  and  with  the 
help  of  rotation  of  the  apparatus  around  the  vertical  axis.  The 
average  power  of  absorbed  dose  comprised;  -63  raa/s,  n  =*  13%,  and 
Q  »  0.9  kg/h  at  an  irradiation  dose  of  100  Mrad. 

Despite  the  individual  constructional  differences,  which 
substantially  influence  the  technical-economical  characteristics 


of  the  process,  all  three  described  installations  unite  the 
following  general  features  (with  the  vertical  orientation  of  the 
axis  of  the  apparatus):  1)  the  use  of  cylindrical  irradiators; 

2)  the  achievement  of  uniformity  in  the  fieid  of  absorbed  doses 
with  the  help  of  the  appropriate  selection  of  winding  thickness, 
two-sided  irradiation  (horizontal  uniformity),  and  by  a  special 
choice,  by  the  partial  screening  of  the  irradiators,  and  also 
by  the  rotation  of  the  apparatus  around  the  vertical  axis  (vertical 
uniformity) . 

It  is  necessary  to  note  that  the  described  solutions  for  the 
technology  of  irradiation  of  cable  products  are  not  uniquely 
possible.  Thus  there  is  interest  in  the  utilization  of  sector 
flat  irradiators  which,  apparently,  in  certain  cases  more  suitable 
for  the  irradiation  of  cables  and  wires. 

The  irradiation  of  polymeric  tubes  ind  films  by  Co^°  y- 
radiation  is  less  difficult  (homogeneous  system)  and  can  be 
conducted  on  the  described  installations  with  a  considerably 
greater  coefficient  of  utilization  of  radiation  and  productivity. 

The  Technology  of  Radiation  Modification 
on  Accelerators  of  Charged  Particles 

The  specifics  of  beam  of  accelerated  electrons  applies 
definite  requirements  also  on  the  technology  of  radiation  modifi¬ 
cation. 

As  was  noted  above,  the  focused  electron  beam  after  exit 
from  the  discharge  port  of  the  accelerator  has  a  circular  cross 
section  with  a  Gaussian  distribution  of  intensity  of  radiation 
(and  respectively  the  dose  in  the  irradiated  object)  along  the 
diameter.  With  removal  from  the  port  the  scattering  of  the 
electron  beam  in  the  air  occurs,  which  gives  rise  to  a  decrease 
in  energy  and  a  change  in  the  distribution  of  intensity  (Pig.  49) 


Width  of  beam,  mm 

Fig.  49.  The  scattering  of  electron  stream  in 
air  depending  on  distance  (shown  on  curves) 
from  the  discharge  port. 


in  a  cross  section  of  the  beam.  The  utilization  of  the  area  of 
an  immobile  beam  in  the  case  of  providing  a  uniformity  of  dose 
field  in  the  irradiated  material  within  the  limits  of  ±20$  is 
very  low  -  no  more  than  50%  (Fig.  50a).  Furthermore  at  the  very 
high  dose  rates  which  are  created  by  contemporary  accelerators 
the  energy  concentration  on  a  small  area  creates  considerable 
difficulties  in  providing  for  heat  withdrawal  both  from  the  material 
of  the  discharge  port  and  from  the  irradiated  object  itself.  At 
a  dose  rate  of  1  Mrad/s  the  amount  of  required  energy  comprises 
10  W/g,  or  24  Cal/(g*s),  which  for  many  plastics  gives  rise  to 
an  increase  in  temperature  by  5-6° C  in  1  s. 


Fig.  50.  The  horizontal  distribution  of  intensity  of  flow 
for  nonscanned  a)  and  scanned  b)  electron  beams. 
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For  increasing  the  utilization  factor  of  the  electron  flux 
and  dispersal  of  the  absorbed  energy  the  electron  beam  is  rolled 
out  (scanned)  with  the  help  of  a  magretic  or  electrical  field  into 
two  mutually  perpendicular  directiois  analogous  to  frame  scanning 
in  a  television  set.  The  scanning  frequency  is  selected  depending 
on  the  structural  features  of  the  accelerator,  but  no  lower 
than  hundreds  of  oscillations  per  second.  Therefore  for  practical 
purposes  the  scanned  electron  flux  can  be  considered  as  a  certain 
average  flow  on  the  entire  area  of  scan. 


With  this  the  utilization  factor  of  the  beam  area  can  be 
increased  to  90?  (Fig.  50b),  and  heat  transfer  is  simplified. 


The  penetrating  power  of  electrons  in  a  material  is 
approximately  directly  proportional  to  the  energy  of  the  electrons 
(above  1  MeV)  and  inversely  proportional  to  the  density  of  the 
material.  Figure  51  shows  the  dependence  of  relative  absorbed 
dose  for  a  monoenergetic  electron  stream  on  the  depth  of  penetra¬ 
tion  referred  to  the  energy  of  electrons  (in  the  range  cf  energy 
of  electrons  0.5-10  MeV),  and  in  Fig.  52  -  the  dependence  of 
relative  ionization  on  the  thickness  of  the  layer  of  water  for 
electrons  of  different  energies. 


Fig.  51.  The  distribution  of  intensity  of  flow 
in  the  depth  of  material:  1  -  two-sided 
irradiation,  1  MeV;  2  -  two-sided  irradiation, 
2  MeV;  3  -  one-sided  irradiation,  2  MeV;  4  - 
one-sided  irradiation,  1  MeV. 
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Pig.  5 2-.  The  distribution  of  ionfz'ation  in  the 
thickness  of  water.  : 


It  is  evident  from  the  given  dependences  that  ;the  absorbed 
dose  is  extremely  unhomogeneous  in  the  depth  of  the  material. 
Furthermore  the  complexity  of  irradiation  by  electron  flow  of 
fine,  for  example  fili^,  materials  becomes  obvious  because  the  1 
maximum  of  ionization  usually  corresponds  to  one  third  of  the 
maximum  depth  of  penetration  of  electrons  of  a  given  'energy.  , 

The  utilization  facto^  of  radiation  in  depth  at  the  optimal 
energy  of  electrons  for  ensuring  the  uniformity  of  irradiation  dose  ( 
within  the  limits  of  ±20$  does ; not :  exceed  60-70$  with  one-sided 
irradiation  and  can  re^ch  80$  during  two-sided  irradiation  of 
a  flat  object  of  uniform  "thickpess  (Fig.  f>3). 
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Fig*  53*  Distribution  of  ioniza¬ 
tion  in  the  thickness  Qf  material 
during  one-sided  a)  and  two- 
'sided  '  b)  irradiation. 
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The  summary  utilization  factor  of  the  energy  of  an  electron 
beam  will  be  equal  to  the  product  of  the  utilization  factor  of 
the  beam  area  by  the  utilization  factor  of  the  beam  in  depth. 

The  irradiation  of  objects  of  a  complex  shape  or  unhomogeneous 
by  high-energy  electrons  is  combined  with  significant  difficulties. 
Thus,  during  the  irradiation  of  an  insulated  current-carrying  core 
it  is  necessary  to  take  into  account  both  the  diverse  thickness  of 
the  insulation  layer  for  the  electron  flux  and  the  screening  effect 
of  current-carrying  core  (Pig.  54).  Therefore  the  two-sided 
irradiation  of  the  core  (for  the  elimination  of  screening)  does 
ntft  eliminate  the  nonuniformity  of  the  field  of  absorbed  doses 
even  with  the  appropriate  selection  of  the  energy  of  electrons 
(Table  42)  [546]. 


Electron  beam 


Fig.  54.  Diagram  of  the  cross  sec¬ 
tion  of  a  wire  coated  with  plastic 
whieh  shows  the  maximum  depth  of 
insulation  (X)  which  must  be  taken 
into  account  when  establishing  the 
irradiation  dose  utilized  if  the 
wire  is  not  rotated.  The  nominal 
thickness  of  insulation  is  equal  to 

D~5"- -♦  The  greatest  thickness  of 


insulation  /2(d2- 
f  tne  v 


(32),  where  D  -  the 


diameter  of  the  wire  with  insulation; 
d  -  without  Insulation. 


The  optimal  disti'ibution  of  the  field  of  absorbed  doses  can 
be  achieved  by  the  two-sided  irradiation  of  a  cable  product  by 
twp  beams  of  accelerated  electrons  arranged  at  an  angle  of  90° 
to  one  another  [461]. 
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1  Energy 

Thickness  of 
insulation,  mm. 

i 

(  40-75  keV 

0.635 

j 150-300  keV 

1.27 

jO-75-1  MeV 

2.51* 

1 1.5-2  MeV 

3.81 

:  3-3.5  MeV 

5-08 

Table  42.  The  limitations  on  the  energy  of  an  electron 
flux  and  the  dimensions  of  wire  for  two-sided 
irradiation. 


Dimensions  of  conductor 

0.66-2.44  mm  or  from  22  to  11  caliber 

1.27-4.83  mm  or  from  l6  to  5  caliber 

4.07-7.62  am  or  from  6  to  1  caliber 

4.57-8. 13  am  or  from  5  to  0  oaliber 
8.1-11.2  nn  or  from  0  to  000  caliber 


Mote.  Energy  depends  to  a  high  degree  both  on  the  thickness  of 
insulation  and  on  the  dimensions  of  the  conductor.  Every  threshold  of 
energy  encompasses  a  group  of  insulated  wire  with  the  approximate  relation¬ 
ship  of  the  thickness  of  insulation  to  the  dimensions  of  the  conductor  from 
1:1  to  1:3. 


In  order  to  ensure  the  two-sided  irradiation  of  cable  pro¬ 
ducts,  they  are  passed  many  times  under  a  scanned  beam,  each 
time  changing  their  orientation  with  respect  to  the  beam  by  180° 
with  the  help  of  a  special  attachment.  A  method  has  been  pro¬ 
posed  for  the  rotation  of  the  wire  under  the  beam  which  is 
combined  with  some  technical  difficulties,  but  considerably  raises 
the  utilization  factor  of  the  radiation  [491]. 

A  certain  increases  in  the  effectiveness  of  utilization  of 
radiation  during  the  irradiation  of  cables  and  wires  can  be 
achieved  by  the  sloping  disposition  of  parts  in  respect  to  the 
beam  (an  increase  in  the  effective  thickness  of  insulation)  [546]. 

The  technology  of  irradiation  of  polymeric  electrical  insulat¬ 
ing  tubes  (both  for*  raising  their  heating  stability  arid  for 
gaining  the  properties  of  thermal  setting)  is  not  substantially 
different  from  the  irradiation  of  cables  and  wires  because  also 
in  this  case  the  diverse  thickness  of  the  object  is  retained. 

True  the  screening  effect  created  in  wires  and  cables  of  the 
current-carrying  core  is  absent. 


i 

I 


It  is  possible  to  irradiate  film  material  by  two  technical 
methods  -  by  winding  (by  reeling)  the  film  on  a  drum  under  the 
beam  or  uninterrupted  transporting  during  multiple  traversal 
under  the  beam.  Both  methods  lead  to  a  sufficient  uniformity 
of  the  filed  of  absorption  of  doses  and  high  effectiveness  in  the 
utilization  of  radiant  energy  [5*16]. 

i 

t 

Although  fundamental  approach  to  the  solution  of  the  problem  \ 

of  industrial  irradiation  of  wires  and  cables  with  polymeric 
insulation,  as  also  a  number  of  auxiliary  materials,  w.is  discussed 
widely  and  is  sufficiently  clear  at  the  present  time,  and  in  a 
number  of  countries  the  process  of  radiation  modification  of 
polymers  is  already  accomplished  on  multiton  industrial  scales,  in 
the  literature  the  description  of  the  industrial  processes  realized  •  ’ 

is  absent,  which  is  apparently  connected  with  situation  considera-  j 

tions.  Therefore,  unfortunately  ii  the  literature  such  substantial 
questions  of  radiation  technology  of  the  modification  of  polymers  f 

5 

as  heat  transfer  from  the  irradiated  product,  the  industrial  use  ' 

of  methods  of  sensitization  of  the  process,  and  others  have  not 

been  illuminated.  | 

! 

The  Comparison  of  Various  Types  of  f 

the  Sources  of  Ionizing  Radiations  I 

and  Some  Technical-Economical  Evaluations  * 

i 

On  the  basxs  of  the  above  examination  of  the  fundamental  ? 

i 

features  of  the  characteristics  of  radiation  sources  of  various 
types  it  is  possible  to  compare  them  from  the  point  of  view  of 
the  worthwhileness  of  use  for  some  concrete  process. 

Today  experience  in  the  utilization  of  nuclear  reactors  for 
the  modification  of  polymers  is  practically  absent.  At  the  same 
time  both  in  the  USSR  and  abroad  already  a  certain  experience 
has  been  accumulated  in  the  use  on  laboratory  and  enlarged  scales 
of  isotope  sources  of  y-radiation  and  electron  accelerators  of 
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various  types  in  the  radiation  chemistry  of  polymers,  and  this 
makes  it  possj.b}.e  to  draw  some  general  conclusions. 

As  a  result  of  the  analysis  of  the  specific  features  of  the 
field  pattern  of  radiation,  the  penetrating  power  of  radiation, 
the  realizable  dose  rates,  and  other  factors,  including  simplicity 
and  the  ease  of  handling,  the  necessary  qualification  of 
personnel,  etc.,  it  is  possible  to  make  the  conclusion  that  from 
general  consideration  preference  cannot  be  given  to  sources  of 
ionizing  radiation  of  any  specific  type. 

Really  both  the  sources  of  y-radiation  and  electron  ac  elerators 
have  their  inherent  pros  and  cons.  Let  us  examine  some  of  them. 

As  advantages  for  installations  with  sources  of  y-radiation 
the  following  can  be  attributed:  1)  the  possibility  of  obtaining 
an  uniform  field  of  absorbed  doses  in  a  large  volume  of  homogeneous 
material ;  2)  the  possibility  of  the  irradiation  of  objects  of 

complex  shape  with  acceptable  nonuniformity  based  on  the  absorbed 
dosej  3)  the  comparative  simplicity  of  construction;  4)  high 
reliability;  5)  relatively  low  requirements  for  the  qualification 
of  maintenance  personnel;  6)  the  relative  simplicity  of  Irradia¬ 
tion  of  products  in  the  required  atmosphere. 

Their  shortcomings  are:  1)  the  difficulty  of  obtaining  a 
high  dose  rate  in  a  sufficiently  large  volume;  2)  the  necessity 
for  the  periodic  making  up  of  the  natural  decrease  of  activity  of 
the  y-source  as  a  result  of  radioactive  decay;  3)  the  compara¬ 
tively  low  utilization  factor  of  radiation;  4)  the  presence  of 
radiation  hazards  outside  of  the  dependence  on  whether  or  not  the 
source  is  used  and  the  possibility  of  radioactive  contamination. 

The  advantages  of  installations  with  electron  accelerators 
include:  1)  the  possibility  of  obtaining  a  high  dose  rate;  2^ 
a  high  radiation  utilization  factor;  3)  the  absence  of  radiation 


hazards  (with  a  nonworking  installation)  and  radiation  contamina¬ 
tions;  4)  the  simplicity  of  control  of  the  parameters  of  the 
radiation  field. 


The  shortcomings  of  installations  with  accelerators  are:  1) 
the  difficulty  of  providing  a  uniformity  of  the  field  of  absorbed 
doses  in  the  irradiated  object;  2)  significant  heat  liberation 
in  the  irradiated  object  and  the  necessity  for  solving  the  problem 
of  heat  transfer;  3)  the  significant  complexity  in  the  arrange¬ 
ment  of  the  accelerator  itself;  4)  relatively  less  reliability 
during  exploitation;  5)  the  necessity  for  the  highly  skilled 
maintenance  personnel. 

Such  a  comparison  of  advantages  and  shortcomings  in  the 
radiation  sources  of  various  types  still  does  not  give  a  complete 
presentation  about  the  expediency  of  using  one  of  them.  Let  us 
compare  the  pros  and  cons  of  sources  of  these  types  relative  to 
the  process  of  radiation  modification  of  polymeric  ins  lation  in 
cable  products. 

Cable  products  as  objects  for  irradiation  are  characterized 
by  a  number  of  specific  features:  1)  they  are  a  typically 
heterogeneous  system  (current-carrying  core  and  insulation)  with 
a  low  polymer  -  metal  ratio;  2)  large  lengths  with  small  outside 
diameters;  3)  capacity  for  oxidation  upon  heating  and  irradiation 
in  the  air. 

Furthermore,  because  of  the  unique  geometry  of  cable  products 
it  is  advantageous  to  carry  out  all  technological  processes  with 
rewinding  (which  is  also  generally  accepted  in  conventional  cable 
technology). 

Since  the  average  irradiation  dose  for  polymeric  insulation 
of  cable  products  which  is  necessary  for  modification  is  sufficiently 
sufficiently  great  and  comprises  50-100  Mrad,  for  obtaining  an 
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acceptable  productivity  of  the  installation  a  high  dose  rate  is 
required. 

The  impossibility  of  the  realization  of  this  requirement 
in  a  large  volume  on  an  isotope  source  leads  not  only  to  low 
productivity  of  the  installation,  but  also  to  the  necessity  for 
carrying  out  the  process  in  hermetically  sealed  vessel  filled  with 
an  inert  medium  (for  the  prevention  of  radiochemical  oxidation), 
i.e.,  to  a  basically  periodic  process  and  limited  lengths  of 
cable  products  being  processed. 

In  this  respect  an  installation  with  an  electron  accelerator 
corresponds  more  to  the  specifics  of  cable  technology.  The  high 
dose  rates  in  an  electron  beam  make  it  possible  to  conduct  the 
.Radiation  processing  of  the  polymeric  insulation  of  cable  pro¬ 
ducts  directly  during  its  passing  through  the  radiation  zone. 

In  connection  with  the  short  duration  of  stay  of  the  cable  product 
under  the  beam  the  influence  of  the  process  of  radiation  oxidation 
of  insulation  diminishes.  At  the  same  time  the  presence  of  a 
high  dose  rate  in  conjunction  with  the  low  thermal  conductivity  of 
the  polymeric  insulation  advances  to  the  foreground  the  problem  of 
heat  extraction  from  the  irradiated  product. 

Even  such  a  brief  review  shows  that  a  rational  procedure 
should  be  construct*  d  taking  into  account  many  factors  which 
consider  the  features  both  of  the  radiation  source  and  the 
product  being  irradiated,  and  the  radiation  source  has  to  be 
selected  on  the  basis  of  an  analysis  not  only  of  engineering 
problems,  but  also  the  technical-economical  effectiveness  of  the 
process. 

The  comparatively  little  experience  in  the  utilization  of 
radiation  installations  in  technological  processes  did  not  make 
it  possible  to  accumulate  a  sufficient  quantity  of  data  for  a 
detailed  economic  analysis.  At  the  same  time  in  the  literature 
there  are  some  results  of  cost  estimates  of  irradiation  on  various 
installations . 


lae  data  present  in  the  literature  [546-560]  which 
characterize  the  cost  of  1  kWh  of  energy  of  ionizing  radiation 
of  various  radiation  sources  are  sufficiently  contradictory,  and 
since  they  relate  to  sources  of  various  types  of  radiations 
which  differ  strongly  in  power,  energy,  etc.,  they  should  be 
treated  with  a  certain  caution.  In  Table  43  some  data  are  given 
on  the  cost  of  1  kWh  of  energy  of  radiation. 


Table  43.  Cost  of  1  kWh  of  radiant  energy 


1 - 

! 

Cost, 

Source  of  ionizing 

Activity, 

1  kWh 

radiation 

Power,  kW 

MCu. 

dollar 

Literature  j 

Electrostatic  generator 

• 

1 

[5: 

>0] 

Linear  accelerator 

3 

- 

5-2 

[5; 

>0 

Resonance  transformer 

10 

- 

5 

[5: 

52] 

Electrostatic  generator 

3 

- 

0.5 

[5! 

52] 

6° 

Co 

3 

0.2 

8.7 

[553. 

55*] 

60 

CO 

3 

0.2 

6.09 

[5: 

55] 

60 

CO 

3 

0.2 

9 

[5: 

56] 

It  is  necessary  to  emphasize  that  the  comparison  of  the  cost 
of  radiation  of  Y-sources  and  accelerators  is  sufficiently  con¬ 
ditional  because  the  selling  price  of  radioactive  preparations 
(Co  ,  Cs  J  ,  fuel  elements)  is  not  determined  at  all  from 
commercial  consideration. 

More  admissible  is  a  comparison  of  the  cost  of  radiant 
energy  within  the  framework  of  one  and  the  same  type  of  radiation 
source  -  isotope  sources  and  accelerators  of  charged  particles. 


The  cost  of  any  type  of  radiation  installation  is  made  up 
of  the  cost  of  the  building,  the  radiation  source  itself,  and 
industrial  equipment.  However,  the  relationship  between  these 
values  for  various  types  of  sources  are  different,  and  within 


the  framework  of  one  and  the  same  type  depends  on  the  power 
of  the  installation  and  other  factors. 

Thus,  according  to  work  [506]  for  cobalt  isotope  installa¬ 
tions  with  a*  source  activity  of  an  order  of  10^  g-equiv  of  radium 
the  expenditures  for  the  structure  make  up  more  than  half  the 
outlay  for  the  installation.  For  more  powerful  installations 
(source  activity  of  10^  g-equiv  of  radium  and  higher)  the 
fundamental  contribution  to  the  major  expenditures  is  conditioned 
by  the  cost  of  the  sources.  A  substantial  component  of  the  cost 
of  Jmdiation  on  cobalt  installations  are  expenditures  for  the 
yearly  making  up  of  the  decrease  of  the  source  activity  because 
of  natural  radioactive  decay,  because  otherwise  the  productivity 
of  the  installation  will  continuously  diminish. 

For  direct  action  accelerators  -  electrostatic  generator 
and  resonance  transformer  -  with  an  increase  in  the  energy  of 
electrons  there  is  a  sharp  increase  in  capital  expenses  for  the 
basic  equipment.  An  analysis  of  the  dependence  of  capital 
outlays  for  basic  equipment  on  the  energy  of  the  beam  [591]  shows 
that  as  a  rule  the  output  of  an  installation  increases  considerably 
more  slowly  than  capital  outlays. 

In  Table  44  a  rough  estimate  is  given  of  the  cost  of  radiation 
on  a  resonance  transformer  based  on  materials  of  work  [557]. 
However,  even  for  one  and  the  same  type  of  accelerator  the  cost 
of  the  radiation  process  depends  on  the  concrete  parameters  of 
the  latter,  and  for  one  and  the  same  process  -  on  the  power  of 
accelerator;  in  this  case  with  an  increase  in  the  power  of  the 
accelerator  the  cost  of  radiation  processing  can  both  increase 
and  decrease  (Table  45)  [558-560]. 

Let  us  evaluate  tentatively  by  how  much  the  cost  of  a  cable 
product  with  polyolefin  insulation  will  increase  because  of  the 
introduction  of  radiation  modification. 


Table  44.  The  calculation  of  the  cost  of  a  radiation  process 
with  the  use  of  a  resonance  transformer  of  2  MeV,  10  kW. 


Cost 

Article  of  expense 

Oeneral,  dollar 

Specific*,  dollar/h 

Accelerator  (resonance  transformer) 

120,000 

5-0«* 

Construction  (40 %  of  cost  of  machine) 

48,000 

1.2** 

Industrial  equipment  (15/6  of  cost) 

18,000 

0.45** 

Accelerator  tube 

13,000 

3.25*** 

Reserve  parts,  etc. 

4,000 

0.5* 

Servicing 

- 

2-75 

Electric  energy****  (Installed 
capacity  50  kW). 

0.25 

Gain 

4.19 

Altogether 

_ 

15-59 

•Calculated  on  8000  fy'yr  operation. 

••Calculated  on  a  5-year  aaortlzatlon. 
•••Calculated  on  4000  h  of  work  (guarantee  1000  b). 
♦•••Calculated  at  a  cost  of  0.5  cents  for  1  kWh. 


Table  45.  The  cost  of  radiation  processes  with  the  use 
of  linear  accelerators. 


4  (tev. 

0.6  kW  ) 

4  MeV, 

,  5  kW 

Dose, 

Utilization 

(magnetron)  j 

(klystron) 

Process 

rads 

factor,  % 

Produc¬ 

tivity 

Cost  of 
Processing 

Produc¬ 

tivity 

Cost  of. 

processing 

Protection  of  potatoes 
from  gemination 

!0> 

30 

! 

11 

t/h 

11/9 

l/t 

SO 

t/h 

1/6 

l/t 

Sterilization  of  food¬ 
stuffs 

5-10* 

45 

4,33 

lb/h 

1/2 

l/lb 

16 

t/h 

8/6 

l/lb 

• 

510» 

45 

432 

lb/h 

41/3 

l/lb 

3600 

lb/h 

1/2 

l/lb 

Vulcanization  of  rubbers 

5-10* 

80 

( Without 
packing)  | 

77 

lb/h 

1/8 

l/lb 

640 

lb/h 

21/2 

l/lb 

35 

(in  products) 

34 

t/h 

5/3 

l/lb 

300 

lb/h 

8 

l/lb 

Processing  of  plastics 

35- 10* 

35 

(in  products) 

5 

lb/h 

35 

l/lb 

40 

lb/h 

3/4 

l/lb 
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As  can  be  seen  from  Table  M,  the  cost  of  irradiation  on  a 
resonance  transformer  with  an  energy  of  2  MeV  and  power  of  30  kW 
is  -15 .6  dol/h.  It  is  known  that  during  irradiation  up  to  a  dose 
of  100  Mrad  with  a  10056  utilization  of  a  radiant  energy  the 
productivity  based  on  polyethylene  comprises  3*6  kg/h  [5^6]. 
Therefore  in  one  hour  on  such  an  accelerator  it  is  possible  to 

irradiate  36  kg  of  polyethylene  and  the  cost  of  irradiation  will 

ic  6 

comprise  — =  0.5  dol/hr.  Let  us  assume  that  the  coefficient 
3o 

of  utilization  of  radiation  comprises  70%,  then  the  cost  of 
irradiation  will  be  0.7  dol/kg.  On  the  strength  of  the  existing 
rate  of  exchange  (1  dol  =  90  kopecks)  the  cost  of  irradiation  of 
1  kg  of  polyethylene  will  be  equal  to  60  kopecks.  This  shows 
that  as  a  result  of  irradiation  the  cost  of  polyethylene  is 
doubled.  If  one  considers  that  in  the  total  cost  of  cable  pro¬ 
duct  the  cost  of  the' insulation  is  low,  then  radiation  modification 

does  not  substantially  raise  the  price  of  the  part.  Even  in 
the  case  of  wire  leads  (average  expenditure  of  polyethylene 
1  kg/km,  cost  6  rubles/km)  the  increase  in  price  will  not  exceed 
10?. 

However  one  ought  to  note  that  the  radiation  modification 
of  polyethylene  insulation  in  cable  products  adds  to  them 
essentially  completely  new  qualities  and  makes  it  possible  to 
use  them  under  those  operating  conditions  under  which  the 
nonirradiated  polymer  cannot  be  used,  and  therefore  the  comparison 
of  the  cost  of  irradiated  and  nonirradiated  polymer  is  unequal. 

Therefore  the  economic  advantage  of  the  use  of  methods  of 
radiation  modification  in  most  cases  must  be  determined,  taking 
Into  account  serviceability  and  the  life  of  the  equipment  and 
devices  in  which  these  products  are  used,  and  also  the  possibility 
to  solve  the  technical  problems  which  are  solved  in  different 
ways  with  large  expenditures  and  inconveniences,  or  they  are  not 
solved  at  all. 


CONCLUSION 


The  radiation  cherais.try  of  polymers  as  an  independent  branch 
science  has  been  in  existence  about  two  decades,  but,  despite 
such  a  short  life  serious  results  have  already  been  achieved  in 
this  area.  Along  with  the  development  of  theoretical  presenta¬ 
tions  about  the  regularities  of  primary  transformations  and  the 
investigation  of  the  reaction  mechanisms  which  proceed  under 
the  action  of  ionizing  high-energy  radiation,  the  bases  for 
radiochemical  technology  have  been  laid. 


The  realization  of  methods  of  the  directed  changing  of  the 
properties  of  polymeric  materials  both  in  the  initial  state  and 
directly  in  the  finished  product  opens  wide  possibilities  not 
only  for  the  chemical  industry,  but  also  for  all  branches  of  the 
national  economy  whicu  use  polymeric  materials  in  the  production 
of  products. 


The  assortment  of  synthetic  polymeric  materials  is  con¬ 
tinuously  being  expanded,  however,  the  demands  of  intensively 
developing  branches  of  new  technology  outstrip  the  present 
possibilities  and  in  this  connection  radiation  modification  proves 
to  be  a  very  convenient  and  promising  instrument  for  imparting 
a  new  complex  of  properties  to  materials  which  have  already  been 
mastered  by  the  chemical  industry. 


It  is  not  accidental  that  many  foreign  firms  are  actively 
assimilating  radiochemical  processes  for  the  modification  of 
polymers,  which  is  testified  to  by  the  constantly  growing  volume 
of  production  and  the  assortment  of  products  from  irradiated 
polyolefins  [564,  565]. 


The  problems  examined  above  were  limited  basically  to  the 
electrotechnical  application  of  irradiated  polymeric  materials. 
At  the  same  time  it  is  evident  that  the  use  of  products  from 
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•  these  materials  i.s  very  promising  even  in  many  other  areas  of 
^industry,  and  also  in  the  national  economy  .as  a  whole. 


The  fundamental  problem  today  consists  in  the  practical 
mastering  of  the  accumulated  scientific  information,  i.e.,  the 
wrrking  out  and  ir.  orporation  of  radiation  procedures  into 
industry.  . .  . 


There  is  no  doubt  that  the  successful  solution  to  this 
problem  will  facilitate  further  technical  progress  to  a  considerable 
extent. 


\ 

! 


APPENDIX 

1.  FUNDAMENTAL  RADIOMETRIC  AND 
DOSIMETRIC  UNITS 

In  the  examination  of  problems  connected  with  radiation 
materials  management  there  is  fundamental  importance  in  units 
for  i.he  measurement  of  the  energy  content  of  radiation  absorbed 
in  the  irradiated  system,  or  for  the  characteristic  of  radiation 
fields. 

The  concept  of  "radiation  dose"  [561,  562]  is  introduced  for 
the  characteristics  of  the  radiation  fields  created  by  some 
radiation  sources.  The  radiation  dose  is  the  measure  of  radiation 
based  on  the  capacity  of  the  latter  to  ionise  the  medium.  The 
unit  of  radiation  dose  is  accepted  as  the  roentgen  (r)  -  that 
dose  of  X-ray  or  y-radiation  in  the  air,  at  which  conjugating 
corpuscular  emission  per  0.001293  grams  of  air1  conducts  in  the 
air  ions  which  are  carrying  a  charge  in  one  electrostatic  unit  of 
the  quantity  of  electricity  of  each  sign. 


*The  number  0. 00125 ^  represents  a  mass  of  1  cm^  of  atmospheric 
air  at  a  temperature  of  0°C  and  pressure  of  760  mm  Hg. 
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Today  the  unit  of  absorbed  dose  is  used  -  1  rad1  =  10:0  erg/g. 

i  i 

Thus  a  dose  of  1.x  10*  rads,  or  1  Mrad,.  corresponds  to  an  energy  . 

8  :  < 

absorption  of  10  =erg/g  =  2.4  Cal/g.  Therefore, !  1' Mrad* g  is 

simply  equal  to  10  joule  df  absorbed  energy  of  radiation,  and 
one  and  the  same  radiation  in  different  materials  will  create 

i  1  , 

various  doses  expressed  in  rads.:  The  radiation 'which  imparts  to  . 

water  a  dose  of  1  rad  imparts  to  air  a  'dose  of  about  0.9  rads.  .  , 

!  ,  ‘  I 

Many  organic  materials  in  their  absorbing  .capacity  are  i  •  1 

sufficiently  close  to  water  and  for  them  this  difference  can 

i 

be  neglected.  ’  1  1  * 

•  i 

i 

Rad  -  the  most  convenient  unit  for  the  comparison  of  the  ! 

energy  efficiency  of  the  radiation  source  with  the  radiochemical 

changes  produced  by  it  in  the  irradiated  system.  Absorbed  ! 

energy,  in  order  to  produce  a  chemical  change  which  requires 

1  8 

r  megarad,  in  m  graps  of  substance  is  equal  to  r*m*l0  erg,  or 
10r*m  joules.  * 

,  •'  ' 

One  ought  to  emphasize ■ that  the  roentgen  and  rad  are  units 
of  the  integral  dose  of  radiation  and  complete  quantity  of 
energy  absorbed  in  the  system.  1  , 

:  .  i  ,i 

The  dose  rate  is  :the  radiation  dose  created  by  it  in  an  unit 
of  time  at  a  given  poi.it  of  space.  The  unit  qf  dose  rate  is 
usually  roentgen  per  sev oud  (r/s) [561,  562]  or  megarad  per 
second  (Mrad/s).  :  !  ‘  * 

i 

Another  inqportant  r-iLometric  characteristic  is  the  intensity 
of  radiation.  The  intensity  of  y-radiaticn  is  determined  by 
the  energy  content  passing  in  an  unit  of  time  through  a  unit  of 
surface  normal  to  the  incident  direction  of  the  rays.  If  through 
1  cm^  in  1  s  n  y-Quanta  with  an  energy  hv  (MeV)  pass,  then  the 


1The  name  of  the  unit  is  formed  from  the  first  letters  of 
the  term  radiation  absorbed  dose  (English).  1 
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(intensity  of  radiation  will  be  [Mev/(cnr*s)] 

3  --  nli*. 

The  dose  rate  P  (r/s)  is  connected  with  intensity  by  the 
following  relationship: 


1.6'  10' 


1.45  X  10  *5  nk>3a 


where  0.11  -  the  energy  equivalent  of  roentgen  in  air,  erg/cm^-r; 

°a  “■  fthe  1:lnear  coefficient  of  electron  conversion  in  air  (cm-1), 
showing  which  fraction  of  the  total  intensity  of  y-quanta 
transforms  into  secondary  electrons  during  passage  through  a 
layer  of  air  with  a  thickness  of  1  cm.  The  values  of  a  and 

i  •  a 

its  dependence  on  the  energy  of  the  y-rquanta  are  given  in  literature 
(see,  for  example,  [563]). 

The  determination  of  the  integral  flux  of  mixed  radiation, 
for  example  reactor  (neutrons  of  a  wide  energy  spectrum  and 
corresponding  y-radiation)  presents  definite  difficulties 
conditioned  by  the  dependence  of  the  absorbed  dose  of  neutron 
radiation  on' the  neutron  energy,  and  also  on  the  chemical  com¬ 
position  of  the  irradiated  medium. 

Past  neutrons  lose  their  energy,  primarily  as  a  result  of 

j 

collisions  with  the  atoms  of  hydrogen  since  the  masses  of  both 

particles  are  close  and  during  every  collision  maximum  energy 

can  be- transmitted.  In  a  sample  containing  a  large  quantity  of 

atoms  of  hydrogen  the  fast  neutrons  beat  out  the  nuclei  of 

hydrogen  and  therefore  cause  the  appearance  of  high-energy  protons 

generating  ionization  of  high  density  inside  the  sample.  The 

contribution  of  fast  neutrons  to  the  absorbed  dose  of  neutron 

radiation  depends  basically  on  hydrogen  concentration  in  the 

irradiated  sample.  For  instance,  for  polyethylene  (-CH5-CH5-) 

•  17^  c  n  ^ 

irradiation  in  a  reactor  up  to  an  integral  dose  of  10  1  neutron/cm 

is  equivalent  to  the  action  of  a  dose  of  45  Mrad  of  pure  y- 

radiation,  whereas  for  polytetrafluoroethylene  (-CP2-CP2-)n,  which 
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does  not  contain  atoms  of  hydrogen,  the  effect  is  less  and 
corresponds  to  only  30  Mrad  of  y-radiation  [14]. 

y-radiation  can  interact  directly  with  atomic  nuclei  only 
at  a  very  high  energy.  In  a  nuclear  reactor  the  main  effect  of 
y-radiation  is  manifested  in  the  formation  of  fast  electrons  with 
a  Compton  effect  (the  contributions  of  the  processes  of  photo¬ 
electric  absorption  and  pair  formation  are  very  small).  The 
number  of  Compton  electrons  depends  only  on  the  number  of 
electrons  in  a  gram  of  substance;  for  many  elements  this  number 
is  proportional  to  the  ratio  of  atomic  number  to  atomic  weight 
(Z/A).  For  the  majority  of  the  elements  which  are  present  in 
polymers  (besides  hydrogen)  Z/A  is  close  to  0.5.  An  insignificant 
difference  in  energy  release  occurs  due  to  the  difference  in  the 
hydrogen  content  which  changes  the  electron  density  from 
3**1  *  10^3  g_1  in  polyethylene  to  2.89  x  10^  g-"-  in 
poly tetraf luoroethylene . 

Neutron  absorption  leads  to  the  onset  of  the  so-called 
capture  y-radiation  and  to  the  formation  of  induced  activity. 

In  hydrogen,  for  example ,  slow  neutrons  can  be  absorbed,  forming 
deuterium;  in  this  case  y-quanta  with  an  energy  of  2.17  MeV  are 
emitted.  The  effective  cross  section  of  this  process  is  small, 
the  energy  absorption  of  y-radiation  is  also  small,  therefore 
for  small  samples  containing  only  hydrogen,  carbon,  and  oxygen 
the  contribution  of  the  slow-neutron  flux  to  integral  dose  is 
Insignificant . 

For  such  elements  as  chlorine,  which  have  a  large  cross 
section  of  capture,  the  contribution  of  slow  neutrons  tc  the 
total  energy  release  can  be  significant  as  a  result  of  the  course 
of  nuclear  reactions  of  the  type  Cl^(n,  p)S^,  in  which  Cl^  - 
an  isotope,  which  was  contained  to  the  extent  of  75*  in  natural 
chlorine,  absorbs  slow  neutrons  and  emits  protons,  coverting 

•5K 

into  SJ  .  The  protons  emitted  cause  the  intensive  local  ionization. 


1 


* 


1 

■=3 
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which  strongly  increases  the  total  energy  release  in  such  samples. 
Below  radiation  doses  (in  Mrad)  are  noted  which  are  equivalent 

I  O  p 

to  an  integral  flux  of  neutrons  of  10  neutron/ cm  for  polymers 

of  different  chemical  structure  [36S]- 


Polymer  Dose,  Mrad 

Natural  rubber,  butyl  rubber, 
butadiene-styrene  rubber.  600 

Polystyrene,  polyvinyl  carbazole, 

polymethyl  methacrylate,  cellulose 

acetate  700 

Polybutadiene  800 

Polyethylene,  polytetrafluoroethylene, 
nylon,  polyethylene  terephthalate.  1000 

Neoprene,  Hypalon,  polyvinyl  chloride, 
polyvinyl  chloride-acetate.  2500 


For  the  conversion  of  various  units  used  in  the  study  of 
radiation  materials  it  is  convenient  to  use  the  following 
relationships: 

leV  =  1.602  x  10~12  erg 

1  erg  =  6.24  x  10**11  ev 

1  cal  *  4.185  *  10^  erg 
1  W  =  6.24  x  io13  eV/s 
1  Cal/mole  =  0.0433  eV/molecule 
1  eV/molecule  =  23.1  Cal/mole. 

The  energy  of  a  quantum  (in  keV)  =  12.4CX  (A  -  the  wave 
o 

length  in  A) 
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1  Rad  * 


100  erg  (absorbed  energy)/g  of  substance 
6.24  x  lO1^  erg 
1.14  r  (In  dry  air) 

1.83  x  lO1^  pairs  of  ions/g  of  air 
1  x  10-5  yj.s/g 

1.73  x  10"9  W*h/g 
1.16  x  10"10  w* 24h/g 
2.39  x  10  Cal/g 
1  x  io"6  Mrad 


Below  some  useful,  although  very  approximate,  evaluations 
of  relatinoships  between  various  units  of  measures  of  dose  are 
given. 


Fora  of  Radiation 

Unit  used 

Equivalent,  rad 

Any 

X-ray  and  T -radiation 
Neutrons 

Neutrons 

eradiation 

Electrons 

Mrad 

Roentgen 

Thermal  neutron  per  1  cm 

Fast  neutron  (2  MeV)  per  1  cm2 
7-quantum  (2  MeV)  per  1  cm2 
Electron  (1  MeV)  per  1  cm2 

106 

°-93„ 

10  y 

0.3  x  IO'8 

0.7  x  10-9 

0.4  x  10*7 

2.  The  Basic  Characteristics  of  Soviet 
Wires  and  Cables  with  Insulation  Made 
From  Irradiated  Polyolefins 

1.  Wiring  leads ,  heat  resistant  with  insulation  made  from 
irradiated  -polyethylene  (TU  017-34-63)  •  v 

The  wires  are  intended  for  service  under  the  variable 
influence  of  temperatures  from  -60  to  100°C  and  relative  humidity 
up  to  95  ±  3t  at  40°C.  Overheating  to  200°C  for  5  min  with  a 
total  duration  of  no  more  than  30  min  is  allowed. 


Based  on  design  features  the  wires  are  separated  into  the 
following  brands: 

[MPO]  (iino)  -  a  wire  irradiated  with  insulation  made  from 
polyethylene: 

[MPOE]  (rin03)  -  the  same,  screened. 

The  wires  are  made  with  a  flexible  stranded  core  with  the 
following  sections:  0.12;  0.2;  0.35;  0.5;  0.75;  1;  1.5;  2.5; 

p 

4;  and  6  mm  . 

The  resistance  of  insulation  after  a  three-hour  stay  of  the 
wire  in  water  at  a  temperature  of  20°C  is  no  less  than  50,000  Mft*m, 
and  after  a  two-hour  heating  at  a  temperature  of  100°C  no  less 
than  1000  Mfl*m. 

Operating  voltage  of  up  to  220  V  alternating  current  with 
a  frequency  of  up  to  2000  Hz. 

2.  Wiving  lead,  thermoradiation  resistant  with  insolation 
made  from  irradiated  heat  stabilized  polyethylene  (TU  017-96-65). 

The  wires  are  intended  for  service  under  the  variable 
influence  of  temperatures  from  -60  to  150°C  and  relative  humidity 
up  to  95  *  3%  at  i»0°C,  and  also  in  radiation  fields.  Service 
life  at  a  temperature  of  150°C  is  no  less  than  1000  h.  Overheating 
up  to  200°C  for  a  limited  time  is  permitted. 

Based  on  design  features  the  wires  are  separated  into  the 
following  brands: 

MSTP  -  wiring  leads  with  insulation  made  from  glass  fiber 
and  termostabilized  polyethylene,  irradiated;  MSTPE  -  the  same, 
screened;  MSTPS  -  the  same,  in  covering  made  from  glass  fiber; 
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MSTPL  -  the  same,  in  covering  made  from  dacron;  MLTP  -  wiring 
lead  with  insulation  made  from  dacron  and  thermostabilized 
polyethylene,  irradiated;  MLTPL  -  the  same,  in  a  covering  made 
from  dacron.  The  wires  are  prepared  with  a  bending  stranded  core 
with  the  following  sections:  0.12;  0.2;  0.35;  0.5;  0.75;  1;  1.5; 
2.5;  4  and  6  mm2. 

The  insulation  resistance  after  a  three-hour  stay  of  the 
wire  in  wauer  at  a  temperature  of  20°C  is  no  less  than  50,000  Mfi*m, 
the  insulation  resistance  measured  at  a  temperature  of  150° C 
after  a  two-hour  stay  at  that  temperature,  no  less  than  5000  Mfl*m 
and  after  a  48-hour  stay  under  conditions  of  relative  humidity 
of  SQ%  at  a  temperature  of  40°C  no  less  than  1000  Mft»m. 

Operating  voltage  of  up  to  220  V  alternating  current  with  a 
frequency  of  up  to  1000  Hz. 

3.  Cable ,  thermoradiation  resistant  with  insulation  and 

jacket  made  of  irradiated  thermostabilized  polyethylene. 

The  cable  is  intended  for  service  at  an  ambient  temperature 
of  from  -60  to  150°C  and  relative  humidity  up  to  98t  at  a 
temperature  of  40°C. 

The  service  life  at  a  temperature  of  150° C  is  no  less  than 

1000  h.  Overheating  up  to  200°C  with  a  total  duration  of  not  more 

than  3  h  is  permitted.  The  cable  can  be  used  in  neutron  fluxes 
12  2 

of  up  to  1  x  10  neutron/ (cm  *s). 

The  cable  has  been  awarded  the  brand  KTR  (cable  thermoradia¬ 
tion  resistant),  it  is  made  with  a  bending  stranded  core  with  a 

p 

section  of  0.5  mm  ,  above  the  insulation  of  the  current¬ 
conducting  core  a  screening  covering  and  protective  jacket  are 
applied. 
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The  insulation  resistance  after  a  three-hour  stay  of  the 
cable  in  water  at  a  temperature  of  20°C  is  no  less  than  50,000  m 
50,000  the  insulation  resistance- measured  at  a  temperature 

of  150°C  aftey  a  two-hour  stay  at  that  temperature  is  no  less 
than  5000  and  after  a  48-h  stay  under  conditions  of 

relative  humidity  of  98%  at  a  temperature  of  40°C  is  no  less 
than  1000 


Operating  voltage  is  500  V  direct  c>r*rent. 
BIBLIOGRAPHY 


1. 

2. 

3. 

4. 

5. 
a 

7. 

a 

9. 

10. 
u. 
la 

13. 

14. 

15. 

16. 
17. 

ia 


19. 

20. 

21. 

22 

23. 

24. 
23. 
26. 

27. 


Livingston  S..  Belhe  H.  Rev.  Mod  Phys,  9,  263  (1957). 
lUe.iKKii  K.  H.  <t>H3iw<i  niwponapa.  M,  Atoumabt,  1963. 

10  s  A-  Hcropna  aefiTtoiu.  M,  ArosiiuAar,  1964. 

Brooks  H.  Annual  Rev.  Nucl.  Sci,  9,  215  (1956). 

Billing  ton  D.  S.  Nucleonics.  14.  No.  9,  54  (1956). 
Sisman-O..  Niison  J.  C.  Nucleonics.  14,  No.  9.  58  (1956). 
Harrington  R.  Nucleonics.  14.  No.  9.  70  (1956). 
Chsrlesby  A-  Nucleonics.  14.  No.  9.  82  (1956). 

Brinkman  J.  A.  J.  Appl.  Phys.,  25,  961  (1954). 
Brinkmxn  J.  A.  Amer.  J.  Phys.,  24,  246  (1956). 

Klnehin  J.  A.,  Pease  R.  S.  J.  Nucl  Energy,  1.  200  (1955). 
Bo se it  <t>.  Aeflcrsiie  noHi!3Hpywuui*  H3ny'ieHiift  ua  npxpoAKue 
m  cmuerii'iccKne  no.mvepu.  M,  Hsa-bo  hhocto.  aht,  1959. 
B.iHsnHe  JuepHM*  n3.3yveHHft  aa  Marepaanu.  hoa  peA.  A*.  TCep- 
ayna.  Ilep.  c  aur.i.  A..  CyAnpoaras.  1931. 

M  a  p  .3  3  6  n  A.  HAepnue'HM)->iemis  a  no.umepu.  Ilepeu.  c  aura 
M,  Iha-BO  iiaocip.  ant.,  1962 

Pa.iHo.ia3  yr.ieBo.iopo.ioa.  non  pea.  A.  B.  ToniHcsa  a  A.  C.  no- 
.iaK3.  M .  1I3J-BO  A11  CCCP,  1962. 

C  i  o  .1 .1  o  y  A.  PaiHauHoatiaa  xuaus  opranHsccuiix  coeAHKeHaa. 
M„  1134-bo  miocrp.  aik,  1963. 

Aeftctaiie  paaiianaa  aa  opr.imwcKHe  MarepHS.ni.  Coci.  P.  Boar 
a  A*.  Keppo.i.  M,  Atomiija*t,  1965. 

K  a  p  n  o  a  B.  A.  Cccciia  AH  CCCP  no  smpiioay  Hcnn.U30Bamito 
aToMHoft  si.epriiH  1-  5  mo.ia  1953  r.  3ace.i?itHs  oTAtieHhH  xhmh- 
lecKHX  uavK.  M .  Iba-co  AH  CCCF,  1955,  crp.  3. 

Mo.ihh  k).  H.  a  np.  «A ou  AH  CCCP*.  131.  125  (1960). 
KopHUKxA  A.  r.  a  Ap.  «Buc0K0M0.iexy.i.  coeAHiieim**,  I, 

M  x  e  it  A3  e 'll.  If.  a  r.p.  «Aok.i.  AH  CCCP*,  1291  (1960). 
UsefKos  K>.  10.  *i  ,ip.  eBucoxoMoieKy.i.  coeAHiiCHim*.  I,  27 
(1959). 

t  avton  E.  J.  ct  al.  J.  Chetn.  Phys,  33.  393  (I960). 
Ciiarleibv  A..et  al.  Proc.  Roy.  Soe,  262A,  207  (1961).* 
Williams  T.  F.  Trans.  Faraday  Soc.,  57,  735  (1961). 

Field  F.  H.,  Franklin  I.  L.  Electron  Impact  Phenomena. 
Academic  Press  Inc,  N.  Y,  1957.  . 

American.  Petroleum  Institute.  Project  44.  Selected  Values  of 
Plnsical  and  iliermodynatuic  Properties  of  Hydrocarbons  and 
Rt  fated  Gunpoimdi.  Carnegie  Press.  Pittsburg  Pa,  1953. 


2&  S  x  w  a  re.  M.  Chem.  Revs,  47, 76  (1950). 

29.  B  a  c  k  R.  A.  J.  Phys.  Chem,  64.  124  (I960). 

30.  Libby  W.  F.  J.  Chem.  Phys,  3$,  1714  (1961), 

31.  Flory  P.  J.  Principles  of  Polymer  Chemistry.  Cornell  Univ. 
Press,  Ithaca,  N.  Y,  i953. 

32.  Stoekmayer  W.  N.  J.  Chem.  Phys,  12,  |2S  (1944). 

33.  Charlesby  A,  Pinner  S.  N.  Proc  Roy.  Soc,  246A,  367 


leMnih.nmawipd'S'jS.^ 


(' 


34.  Dole  AL  et  at.  J.  Amer.  Chem.  Soc,  80,  1580  (1958). 

35.  Williams  T.  F,  Dole  M  J.  Amer.  Chem.  Soc,  81.  2919 
(1959). 

36.  Dewhurst  H.  A.  J.  Pliys.  Chem,  G2,  15  (1958). 

37.  Golub  in.  A.  J.  Amer.  Chem.  Soc.,  80,  1794  (1958). 

38.  Golub  M  A.  J.  Amer.  Chem.,  Soc,  81,  54  (1959). 

39.  Golub  At  A.  J.  Amer.  Chem.  Soc.,  82,  5093  (I960). 

40.  Colli nson  E.  et  at.  Trans.  Faraday  Soc,  57,  1732  (1961). 

41.  Mitchel  I  J.  J,  Coleman  F.  F.  J.  Chem.  Phys,  17,  44 


42.  Davison  W.  H.  T.  et  al.  Chem.  Ind.,  38.  1274  (1957). 

43.  Davison  W.  H.  T.  Proc  Roy.  Soc,  A252,  187  (1959). 

44.  A6xuu  A.  R.  h  ap.  «>K.  $H3.  xhm.s,  33,  2636  (1959). 

45.  ACkhh  A.  fl.  h  AP-  '.BucoKOMoncKya.  coeA«HeHH*»,  3,  99 


46.  A  6  k  hh  A.  A-  HAP-  eBucoKOMoaeaya.  coeAimeiiim*,  5,  473 


47.  Tsuda  1.  J.  Polymer  Sci.,  54,  1931  (1961). 

48.  Ts u  d  a  1.  J.  Polymer.  Sci..  58,  289  (1962). 

49.  CnoaoxoTOBa  H.  A.  k  ap.  cBucoKrioaeKya.  coeAHHeHHxs,  5, 
JA  4, 586  (1963). 

50.  C  a  o  a  o  x  o  t  o  a  a  H.  A.  hap-  «Bhicoxouo.ieKya.  coeAHHewm*, 

S,  575  (1963).  „ 

51.  S waller  B.,  Mathieson  AL  S.  J.  Chem.  Phys,  28,"  1169 

52.  Seat’s  W.  C.,  P a r k i n s o n  \V.  W.  J.  Polymer.  Sci.,  21,  325 

IIACCI  * 

53.  Lanza  V.  1_,  Cook  P.  M.  J.  Annual.  Symposium  on  Wire 
and  Cable,  375,  1960. 

54.  Dole  M.,  Cracco  F.  J.  Amer.  Chem.  Soc.  83,  2584  (1961). 

55.  Dole  M„  Cracco  F.  J.  Phys.  Chem.,  65,  193  (1962). 

56.  Loy  B.  R.  J.  Polymer  Sci.,  50,  245  (1961). 

57.  A  r  v  i  a  A.  J.,  Dole  AL  Proc.  Second  United  Nations  Inlerna- 
"  tional  Conference  on  the  Peaceful  Uses  of  Atomic  Energy,  Gene¬ 
va,  29.  171  (1958). 

58.  Lawton  E.  J.  et  al.  J.  Chem.  Phys.,  33,  405  (I960). 

59.  Libbv  D.  AL.  Ormerod  AL  G.  Phys.  and  Chem.  Solids,  18, 

60.  Hardwick  T.  I.  J.  Phys.  Chim.,  84,  1823  (I960). 

fil  Dole  AL  cl  cl.  J.  Amer.  Chem.  Soc,  78.  4304  (1954). 

62.  Al h .1  h n y k  B.  K..  nmexteuKiih  C.  JL  .BucoKOMonexya. 
cociHiietmn*,  6,  666  (1964).  ■ 

63.  Gegmer  D.  O,  Wagner  C  D.  Nature,  208,  72  (1965). 

64.  Ormerod  H.  G.  Polymer,  4. 451  (1963). 

65.  Ormerod  AL  G.  Pliylosoph.  Mag,  12,  681  (196o). 

CG.  At  u  i  ii  ii  10.  II.  h  ap.  tBucoKoMMOKy.i.-  coeAimemio,  4,  690 
(1962). 

07.  Cracco  F.  et  al.  J.  Chem.  Phys.  37,  2449  (1962). 

68.  K  a  s  h  i  w  a  b  a  r  a  G.  J.  Phys.  Soc.  Japan,  18,  2494  (1961). 

69.  Shinohara  K.,  Ballemtinc  J.  Chem.  Phys,  38,  3042 
(1962). 

70.  Lenk  R.  ArcK.  Sci.,  14.  201  (1961). 

71.  Ohnishi  S.  ct  al.  Polymer,  2,  119  (1961). 

72.  B  a  p  ui  a  a  c  x  H  ft  JL  AL  h  Ap.  «Aoka.  AH  CCCP»,  118,  315 
(I9j8). 

73.  Schuinachcr  K.  Kolloid  Z,  157, 16  (!--oj. 

74.  Wiinen  H.  H.  1,  Stlacic  E.  W.  R.  J.  Chem.  Phys,  20,  205 
(19o2). 

75.  Matsuo  11.,  Dole  AL  J.  Phys.  Chem,  83.  837  (1959). 

76.  Giberson  J.  Polymer  Sci,  82,  No.  10,  951  (1964). 

77.  Williams  T.  F.  in:  Hie  Camina  —  Ray  Irradiation  of  Polye¬ 
thylene  and  Polyethylene  —  polybutadicne  Systems.  University  of 
Loudon,  11)00,  p.  57. 

78.  L  a  w  t  oti  E.  1.  et  al.  Induslr.  and  Engng  Chem,  48,  1703  (1954). 

79.  Chari esbyA.  Nature,  171, 167  (1953). 

80.  M  i  1 1  e  r  A.  A.  vt  af.  J.  Polymer  Sci,  14,  503  (1954). 

81.  Alexander  R.  et  al.  Proc.  Roy.  Soc,  223A,  392  (1954). 

82.  Cnarlesby  A.  Chemical  and  Biological  Actions  ol  Radiations, 

UI  (Ed.  By  AL  Haissmshy),  Alasson,  Paris,  1958.  _ 

83.  Charlesliy  A,  Alexander  P,  J.  Chem.  Phys,  52,  699 
(1955L  • 


332 


84.  L  a  w  t  o  n  E.  J.  cl  al.  Nature.  172,  7G  (1953). 

85.  Wall  L.  A.  J.  Polymer  Sci„  17.  141  (1955). 

$f>.  el  a  3  v  p  k  ii  ii  K).  C.  H'jp.  «BucoKOMO.ieKy.i.  cocAHiieiiuna,  2,  110 
(I960). 

87.  .'lei  will  H.  W,  Robb  J.  C  Prog.  Roy.  Soc.,  A202,  181 
(1950). 

88.  S cheer  11.  D..  Klein  K.  J.  Pliys.  Cliem.,  65,  375  (1961). 

89.  npaueAiiiiKOB  A.  II.  u  ap.  B  mi.  «Tpy.iu  Bropoii  sicauyHn- 
po.nioft  Koiiij-cpeimiiH  no  MiipiioJiy  iieiio-iwouaumo  aroMiioft  aiiep* 
rim.  >Keiieua,  1939*.  Aok.ij.iu  cobctckiix  yneiiux.  T.  4.  M,  Atom* 
lu.iar,  1959.  crp.  241. 

90.  Cook  P.  llarciiT  C1UA.  No.  2960433  (1961). 

91.  Cubbin  W.  L,  Weiss  S.  S.  J.  Appl.  Polymer.  Sci.,  6,  No.  1 
(1962). 

92.  Weiss  G.  J.  Polymer  Sci.,  29.  425  (1958). 

93.  S  c  ii  i  s  s  l  e  r  D.  O.  $  t  i  k  c  n  s  o  n  D.  P.  J.  Chem.  Phys.,  24,  926 
(1956). 

94.  Rossini  F.  D.  cl  ai.  Physical  Chemistry  of  Hydrocarbon  Aca¬ 
demic  Press  Inc.  N.  Y.,  1930. 

95.  Dole  AL  et  al.  J.  Amer.  Chem.  Soc.,  79,  4809  (1957). 

96.  S a  love y  R.  ct  al.  J.  Polymer  Sci.,  A2.  No.  7.  3067  (1964). 

97.  Williams  T.  F.  In:  The  Gamma  —  Ray  Irradiation  of  Polye¬ 
thylene  and  Polyethylene  —  Poly  butadiene  Systems.  University  of 
London.  I ‘*60.  p!  67. 

98.  Wad  ding  ton  F.  B.  J.  Polvmer  Sci.,  31,  221  (1958). 

99.  Black  R.  Al.  Lyons  B.  J.  Nature,  ISO.  1346  (1957). 

t(w.  Bece.ioucKiiA  P.  A.  ii  .ip.  «BucoKO«ineKy.T.  coe,inKCini*». 
10,  .V»  4  (1968). 


Tot. 

102. 

103. 

104. 

105. 

106. 

107. 

108. 

109. 

110. 
111. 
112. 

113. 

114. 

115. 

116. 

117. 

118. 
119. 


120. 

121. 

122. 

123. 

124. 

125. 
125. 

127. 

128. 
129. 
130 

131. 

132. 


Stock  mayor  W.  H.  J.  Chem.  Phys.,  12.  125  (1944). 

Wall  LA.,  Brown  D.  W.  J.  Res.  Nal.  Bur.  Standards,  ST, 
No.  3.  131  (1956). 

Simla  A.  R.  J.  Polymer  Sc!..  35.  No.  129.  369  (1939). 
Alexander  P.  et  al.  Proc.  Roy.  Soc.,  A232,  31  (1955). 

Wall  L  A.,  Brown  D.  W.  J.  Phys.  Chem..  61,  No.  2.  129 
(1957). 

Black  R.  Jit.  Lyons  B.  J.  Nature,  180.  134$  (1957). 

Black  R.  M,  Lyons  B.  J.  Proc.  Roy.  Soc.  A253,  322  (1959). 
S  h  u  1 1 a  A.  R.  et  al.  J.  Polymer  Sci..  22.  495  (1936). 

Hayden  P.  Internal.  J.  Appl.  Radiation  and  Isotopes,  8.  65 
(I960). 

Inofcuti,  Dote  AL  J.  Chem.  Phys.,  58.  3306  (1963). 
Mullins  L-.  Turner  D.  T.  J.  Polyimr  Sci..  43.  35  (19601, 
Tobol  sky  A.  V.  et  al.  J.  Amer.  Cliem.  Soc.  72,  1942  (1950). 
C.iaaoxoToaa  H.  A.  h  jp.  cDuccKOUO.iexy.i.  coc.niiieiiH«»,  6, 
608  (1964). 

B I  a  c  k  R.  AL  J.  Appl.  Chem ,  8,  159  (1958). 

Miller  A.  A.  et  al.  J.  Phys.  Chem.  60.  599  (1956). 
Fatlgabtter  AL  B.  Dole  M.  J.  Phys.  Chem.  68,  1988 
(1964). 

Pearson  R.  W.  J.  Polvmer  Sci.  25.  189  (1957). 

Snow  A.  1.,  Mayer  ft.  E.  J.  Chem.  Pliys.  27,  1222  (1957). 

A o.i.i  H.  Cto.iku  T.  Bk.hjmc  T.  Atcauuiapo.timft  chm- 
no3ii\M  no  MaKpoMaieKy.iapiioi)  xhmhh.  M.  moitb  1960,  ccmihk  )  . 
cTp.  '269. 

Crook  AL  A.  Lyons  B.  1.  Trans.  Faraday  Soc.  59,  No.  490, 
2334  (1963). 

Luo n go  J.  P.  Salovey  R  J.  Appl.  Polyimr  Sci.,  7,  290' 
(1963). 

Fvdelor  P.  I.  Pearson  R.  W.  J.  Appl.  Polymer  Sci.  5,  171 
(1961) 

Char'lesby  A.  Davison  W.  II.  T  Cum.  ImL,  232  (I9b'! 
Seers  \V.  C.  J.  Polymer  Sci.  A2.  2435  (1964). 

Lawton  E.  F.  et  at.  J.  PoUmer  Sci.  32,  257  41938). 

Dole  M.  et  al.  J.  Phys.  Chem,.  70.  No.  I.  02  (1906). 

K  a  »  a  i  T.  et  al.  Philos  Mag.  779  (1961). 

Kawai  T.  Keller  A  Philos.  Ma:{,  12.  No.  <18,  673  (IW "»■ 
Kaieai  T.  Keller  A.  Ptilos.  Mag,  12.  No.  118.  G»7  (10*  ■  ' 
K  a  w  a  i  T .  K  e  1 1  e  r  A.  Philo*..  May .  12.  1,*»  ( «!**). 

Eglotf  G.  et  al.  In:  lsonnf'/ntimi  ul  Pure  Hydrocarbons  le  .r- 
Imid  Publishiky  Co ,  N.  Y .  1942,  p. 56. 

Eropooa  3  C.  H  .Ip.  •Bucnkouu.nwy.i  «oc.ihih iimu.  2, 
(1960). 


133.  C  .10  u  0  o  1  0  u  a  H  A.  II  « -*i.  dlixnih  nine  imiih  <■«}>>  loniffi  pa- 
’.lialimi  Ha  npi ali.im-i-Kiic  ii  m-n  ii m.iIi'hi.mij -  Hot  pM- 
nuir-KtfiiMii <1  C.  H  AL.  II  u  ho  All  (.IXP.  11*18,  tip.  - Jj. 

134.  \V  i  p  pc  r  C  N'i:d«'.,'it  s.  18.  No.  8.  (Is  (l’/OO). 

131.  W  uck  el  l.  Nainitt'-s1  iihiii.iltui,  47,  1**14  (IWI). 

136.  Crystalline  Olclm  1’ohnivr.  Putt.  I.  I.dilor*  R  A  V.  Raff. 

K.  \V.  l)oak.  870  p.  Inti  tsv.ii  iuv  publisher:-,  N.  Y.,  Lund.,  Syd- 
nev,  1963.  . 

137.  Saloxcv  R,  Pascale  J.  Polynur  Sn.  A2,  No.  5,  2041 
(1901). 

|38.  Roe  del  M.  J.  j.  Amcr.  Cliein.  Soc.,  7S.  6110  (1953). 

139.  Willbourn  A.  H.  J.  Polymer  Sci.,  34,  569  (1959). 

140.  Harlein  T.  W.  et  al.  J.  Polymer  Sci.,  18,  589  (1955). 

141.  Dole  At,  Schabel  W.  J.  Polymer  Sci,  54.  529  (1961). 

142.  Case  L.  C.,  Atlas  J.  D.  J.  Polymer  Sci.,  45.  438  (I960). 

143.  Put  re  II  J.  H.  J.  Amer.  Chem.  Soc.,  81,  5921  (1959). 

144.  Dewhurst  H.  A.  J.  Amer.  Chem.  Soc.,  83,  1050  (1961). 

145.  Hatnashima  AL  P.  et  al.  J.  Phys  Chem.,  62,  246  (1958). 

14S.  Cnypar  B.  E.  iXuccepramm.  MockobckuA  diH3HKo-TexHR>iecxiiA 

UHCTiiryT.  AL,  1964. 

147.  Dewhurst  H.  A.  J.  Amer.  Chem.  Soc.,  80,  5607  (1958). 

148.  Baltatine  D.  S.  et  al.  J.  Polymer  Sci.,  13,  410  (1954). 

149.  ChapiroA.  J.  Chim.  Phys.,  52,  246  (1955). 

150.  Charlesby  A.  Proc.  Roy.  Soc.,  A2I5,  187  (1952). 

151.  Okada  1.,  Ainemiya  A.  J.  Polymer.  Sci.,  50,  22  (1961). 

152.  Si.  Pierre  L.  E..  Dewhurst  H.  A.  J.  Chem.  Phys.,  29,  241 

(1958).  1 


Dole  AL  Effect  of  Radiation  on  Kolloidal  and  High  Polymeric 
Substances,  Report  of  Symposium  IV,  Technical  Command  US 
Army  Chemical  Center,  Maryland,  Sept,  1950,  p.  18. 

Rose  D.  G.  In:  The  Effect  of  lomziny  Radiation  Upon  Po¬ 
lyethylene,  Northwestern  Univ.,  Ewanston,  III,  June,  1949. 
Alexander  P.,  Toms  D.  J!  Polymer  Sci.,  22,  343  (1956). 
Tb  me.  cto.  348. 

Black  R.  M,  Charlesby  A.  Internal.  J.  Appl.  Radiation 
and  Isotopes,  7,  126  (1959). 

Ala  gat  AL  Radiation  Res.,  Supplement,  1,  204  (1959). 
Burgess  R.  H.,  Robb  I.  C.  Trans.  Faraday  Soc,  54,  1015 


163.  B 1  a  c  k  R.  AL  Nature.  178,  305  (1956). 

164.  Chapiro  A.  et  al.  J.  Chem.  Phys..  52.  689  (1955). 

165.  Chapiro  A.  et  al.  Opaim.  narcHT,  Alt  1125537.  1956. 

166.  Chapiro  A.  et  al.  Opaiiu.  nareiiT,  At  1130100,  1957. 

167.  Shinohara  K-  Scient  Papers  Inst.  Phys.  Chem.  Research,  59, 
101  (1965). 

168.  Smaller  Bi,  Ala  the  so  11  »L  S.  J.  Chcia  Phys.,  28,  l!69 
(1958). 

169.  LoyR  *  J.  Polymc  Sci.,44,  341  (I960). 

170.  Abra'iHm  R.  S.,  Whiff en  D.  H.  Trans.  F.-raday  Soc-,  54, 
1291  (1958). 

171.  S  a  1  o  v  e  v  R.  J.  Polymer  Sci.,  61, 463  (1962). 

172.  Brand  E.  A.  Timmons  C.  I.  J.  Chem.  Soc.,  2000  (1950). 
173  O  k  a  d  a  J.  J.  Appl.  Polvmcr  Sci..  7.  695  (1963). 

174.  Okada  J.  J.  Appl.  Polymer  Sci.,  8,  4G7  (1964). 

175.  Okada  J.  J.  Appl.  Polymer  Sci.,  7,  1153  (1963). 

!7fi.  Okada  J.  J.  Phys.  Chem.,  68.  2120  (1964). 

177.  Okada  J.  .1.  Appl.  Polymer  Sci.,  7,  1791  (1963). 

17a  Hondo  AL.  Dole  AL  J.  Phys.  Chem..  70,  883  (1966). 

179.  Kapiton  B.  Jl.  11  ap.  «BucoKOMO.ieKy.t.  coeAiiiiemns,  7,  1319 
(1965). 

180.  Amemiya  A,  Okada  J.  EpHraiicx.  nateur.  At  939096,  1963. 

181.  Bopp  CD,  SismanO.  Nucleonics,  13,  No.  10,  51  (1955). 

182.  AtchesonG.1.  J.  Polymer  Sci,  35,  557  (1939). 

183.  Wit  ski  H.  Ind.  Kurter  Techni.  Forsch,  18,  No.  48,  415  (1965). 

184.  Stewart  G.  W.  Trans.  Faraday  Soc,  29.  982  (1933).  * 

185.  Kapruu  B.  A.  h  ap.  «Ko.iaoHaa.  ac.»,  19,  131  (1957). 

186.  KaprMB  B.  A,  C.toh  hhckkI  I\  Jl.  Kparxae  oaepiui  no 

4>H3HKO-xhuhh  noiHNepoa.  AL,  cXhhhr*,  1967.  # 

187.  K  a  p  r  h  h  B.  A.  CoBpeveHHue  npo6.ie.uu  HayKH  o  no.iuuepax.  M, 
Airy,  1962. 


VuiaKOB  r.  n.  h  .ip.  «BucoKouo.itKy.i.  coeAimem»s»,  2,  Aft  10, 
1312  (1960). 

K  i  1  a  m  a  r  u  R.,  M  a  n  d  e  1  k  e  r  n  L.  J.  Amcr.  Chem.  Soc,  81, 
3524  (1964). 

Kitamaru  R.  et  at.  J.  Polymer  Letters.  2,  51!  (1964). 
Kitamaru  R.  J.  Polymer  Set..  13,  No.  II.  1019  (1964). 

Dole  M,  Kasuura  K.  J.  Polymer  Sci,  B3,  No.  1,  467 
(1965). 

Epstein  L.  AL  J.  Polymer  Sci..  26,  399  (1957). 

.  Cnarlcsby  A.  ct  at.  J.  Appl.  Radiation  Isotopes,  3,  226 
(1958). 

.  Salovey  R.  J.  Polymer  Sci..  182,  No.  8,  833  (1954). 

.  Schnabel!  W,  Dole  M.  J.  Phys.  Chein.,  67.  295  (1963). 

.  Gupta  R.P.  Kolloid  — Z..  174,74  (1961). 

.Gupta  R.  P.  J.  Phys.  Chem,  66.  819  (1962). 

.  At  a  t  s  u  b  a  r  a  K,  V  a  1  a  n  a  g  a  Al  J.  Japan  Soc,  Lubiicat 
Encps.  10.  No.  2. 94  (1965). 

.Lawton  EJ.  riaTeiir  CtUA,  Ns  2906679.  1959. 

.  Lawton  E.  J,  Buechc  A.  ITareiir  CILIA,  Ns  2906678,  1959. 

.  Brasch  A.  IlaieiiT  CUJA,  Ns  2981681,  1961. 

.  CltarlesbyA.  Aura,  naretir. AS 710899,  1955. 

.  Salovey  R,  Basset  D.  Ainer.  Cliem.  Sci.  Pol.  Preprints,  4, 
No.  2,  399  (1965). 

.  Kawai  T.  et  al.  Philos.  .Mag.,  12,  No.  118,  657  (1965). 

.  Ty.ib  B.  E,  K  y  .1  e  a  h  e  b  B.  11.  CtpvKTypa  h  MexaHxqccxHe 
CBot'icroa  noAiiviepaa.  M,  «Bucwaa  mKO.ia»,  1966.  • 

.  Basse  \V.  F,  Bowers  G.  H.  J.  Polymer  Sci..  31,  252  (1958). 

.  Chartesbv  A.  Proc.  Roy.  Soc..  A222,  60  (1954). 

.  Basket t  A.  E.  Miller  C  W.  Nature,  174,  364  (1954). 

.  B  a  •>  m  a  n  R.  G,  Born  J.  W.  J.  Appl.  Polymer  Sci,  I,  351 
(1939). 

.  Smith  \V.  natciiT  C111A.  Ns  2932593.  1961. 

.  Charles  by  A.  Aura,  narciir.  .Vs  742933.  1956. 

.  Ecp.mHT  C.  M.  h  ap.  Aatoi-ioc  coiiAere.ibciao.Ha  HaoCpeie- 
iiue  Vs  191111  or  19/XI  19(5  r. 

.  To  m  a  shot  R.  C..  Harvey  D.  G.  Nuclear  Radiation  of  Rein¬ 
forced  Plastics  R.ulomc  Materials,  Report  WADC-TR-56-296, 
Wright  tir  Development  Centre.  1936. 

>.  Mod.  Plast..  43.  No.  3.  115  (1963). 

Barton  M,  Patrik  W.  N.  J.  Phys.  Chem.,  58.  No.  421 
(1934). 

.  Man  ion  J.  P,  Barton  AL  J.  Phys.  Chem.,  58.  560  (1952). 
.Gardner  I.  B,  Harper  B.  G.  J.  Appl.  Polymer  Set,  •. 
1583  (1965). 

'.  Alexander  P.  A,  C  It  a  r  1  c  s  b  y  A.  Nature,  173,  578  (1954). 

).  Bar.iacapt.nu  X.  C.  h  jp.  cJIoka..  AH  CCCP».  144,  101 
(1962). 

i.  K  a  p  n  o  a  B.  JI.  h  jp.  «Tp.  H.-n.  mt-Ta  Ka6e.nbiioft  npou-crH». 
Bun.  IX.  M..  cSHeprim*.  1964. 

!.  Fergusson  J,  Wright  B.  J.  Appl.  Polvmer  Sci,  9,  No.  8 
2763  (19(5). 

1.  lleVHraii.io  H.  A.  n  jp.  *n.iaci«accu»,  Vs  7,  3  (1962). 

I.  HeiHtaA.io  H.  A,  llo.iaKJi.  C,  CaHim  tl.  H.h  To.ib- 
AenGepr  A.  JI.  dl.iacruaccu*,  Vs  7,  7  (1965). 
i  lleuHTaii.io  H.  A.  it  jp.  B  cfi.  cPaAitamioHttaa  xhmiih  uoah- 
vepOB*.  M,  cHayha*.  I960,  crp.  272. 

5.  Boron  J.  W.  C'SAF— WADC.  Quarterly  Progress,  Report,  No.  1, 
The  B.  F.  Goodrich  Company.  1958. 

7.  Kopp  P.  H„  Charlesby  A.  Internal,  J.  Appt.  Radiat. 
Isolop.  17.552  (1966). 

).  T  a  ui  ii  n  k  o  a  a  H.  fl.  u  jp.  «Tp.  H.-ii.  nu-Ta  KaOe.ibHoS 
npoM<Tii».  Bun.  VIII.  M,  rocaiieprmiaaaT,  1963,  crp,  143. 

).  Topaoii  T.  ft.  Cta6ii.ni3auiui  cHiiTenmecKHx  nommepoa.  AL, 
rocxiiMt)3Aar,  1963. 

).  CTapeuue  h  cTaf>ii.iH3aiuift  noniiucpoY  no  a  peA.  Heiiu.iHa  M.  B. 
M,  «Ha\M».  1964. 

I.  A’  o  T  e  p  c  y.  Alexamuvi  oKiic.iemm  oprammccKitx  coeAimeimfi. 
AL.  <A1hp»,  1966. 

i.  CeMcuoa  H.  H.  O  ueMirnpux  npofue.'iax  xiivumechoA  Miiierx- 
mi  n  pjAiiauitoiiiiofi  cnocoiiiiocTit.  M,  Ita.viio  AH  CCCP,  1939. 
1.  H  y  A  *>  h  B.  C.  ii -rip.  *Hc<{'ie\iiuim»,  5,  100  (1963). 

I.- H e fi m a  ii  H.  B.,  Mh.i.kp  B.  B.  «)K.  Bcecoim  xhvi.  o'i-Ba 
ii vi.  Meii.ie.iceB3»,  XI.  247  (1966). 

>.  BvrseMKo  A.  H.  .CTeiiii.ibiiue  pa.niKa.iu.  Al,  Hia-bo  AH 
CCCP,  1961 


335 


Uickel  A.  F..  Kooyman  E.  J.  Chein.  Soc .  3211  (1953). 
ill  .uni  ii  n  ko  s  lO.  A.  11  .ip.  <Hjb.  AH  CCCP,  Ou.  xhm. 
na>K».  1961  (1966). 

A  spa  Men ko  .:l.  II..  K  o.i  e c  h  ii  k  o  b  a  P.  B.  aMOK-i. 
CCCP>.  HO.  1103  (I93t). 

H  c  ii  n  a  ii  At.  B.  <>K.  Bceooioa.  mim.  oo-Ba  iim.  Aieiaeaeesa»,  /. 
.Vi  2.  ICS  (1902). 

n  V.10B  B.  C..  He '(Man  M.  B.  «He<J>TcxiiMim»  2.  Nt  6,  918 
(1902). 

,  3M.niyj.ih  H.  At..  .1  ii  e k o b c k a n  10.  II.  Top.Moxeime  npo- 
ftciwa  "oMic.ienim  Kiipo-*.  'I,  niiuienpoMiia.iar.  1961. 

H oil  via  ii  At.  B  ii  .i;-.  .Beem  AH  CCCP>.  30.  .V?  II.  30  (I960). 

.  In  go  Id  K  li.  CIkih.  Rev..  01.  563  (1901). 

.  1  g  a  r  a  s  h  i  J.  c*  al.  J  -\ppi.  Polymer  Sci..  8.  1  loo  (19S-,). 

K ;; p a <> o  B.  .3.  it  .ip.  c'fi>.  H.-ii.  ini-ra  KaCe.ibimii  npoM-ciH». 
Bun.  XI.  At..  aSnepriia*,  1907.  .  ,  , 

.  BpariiMCKiifi  P.  n.  it  .ip.  <Tp.  II.-ii.  im-Ta  KaOe.uiiofi 
iipt>u-viii>.  Bun.  XII.  M.  «3'iepni>i».  1907. 

.  Kapn  ob  B.  .1.  it  .ip.  >=Tp.  H.-h.  ini-ra  haOe.ibiiofi  npoM-cTH». 
Bun.  VI.  At..  <3iieprmi*.  1902. 

K  a  p  n  o  ii  B.  *3.  ii  op.  -Tp  komiic.  no  ciiohipockuiiiiii.  Ail 
CCCP».  Bi:n  1.  1961,  cep.  593.  „ 

i  K  a  p  ii  o  b  B.  .1.  ii  Ap.  AfltopCB<ie  cmiAere.ibOTBo  .Xu  138043  ot 
21/VI  1960  r. 

l  <lMiiiKe.it>  3  3.  npii'ieiifinio  n.iaci'iare  b  KaOe.iuiofi  npouuut- 
.aciiiiocTH.  It 3.1.  BHUII3M.  Ora..  lla><mo-iexH.  im.jiopMamiH, 
viaii.iapTinauim  u  iiopMa.in3.miiH  b  a.icKipoTeiiiiiKO.  At.,  1964, 
ctp.  25. 

K  a  p  ii  o  b  .B.  .1.,  .1  c  m  e  n  k  o  E.  E.,  <t»  ii  h  k  e  .1  k  3.  3.  k  Ap. 
«Tp.  II.-ii.  im-ia  Kaoe.iLiioii  npoM-cTH».  Bun.  VIII.  M.,  *3liep- 
rnn»,  1963.  « 

'.  A  a  e  k  c  a  n  a  p  o  b  A.  K).  ii  .ip.  «BucoKO«o.ieKy.i.  coe.iKHeiiH**, 
Ns  II  (1964). 

I.  Kapnoo  li.  .1  it  .ip.  «Tp.  H.-n.  ini-ra  na6e.it,noft  npaM-cTH». 

Bun.  VII.  M,  «3iicpri:«»,  1963. 

I.  Prochaska  A.  liaieiir  CU1A.  .V?  2989451,  1961. 
i.  Kapnoe  E.  .1.  h  jp.  «Tp.  H.-.i.  Hti-ra  Ka6e.mHofi  npou-erm*. 

Bun.  \  II.  At ,  «3iicp:  hh>,  1966. 
i.  Cook  P.  ii  ,ip.  llamiT  CL1JA.  Ns  3006829,  1961. 

5  p  a  r  h  u  c  k  ii  ii  P.  n.  ii  AP-  »BHC0K0M0.TeKy.3.  coeAitHeHHH», 
XA  1,27  (1968). 

I.  B  p  a  r  ii  ii  c  :<  ii  ft  P.  n.  n  Ap.  «Tp.  H.-h.  iiti-Ta  Ka6e.it- 
uofi  iipOM-CTi;».  Bun  XII.  At.,  «3nepnin»,  1967. 

).  Gay  lard  W.  G.  J.  Polymer  Sci..  22.  71  (1956). 

).  Pin  nerS.  K.  Nature.  183.  1108  (1959). 

!.  Aura.  naxeiiT,  Ns  814231,  I960. 

!.  Al  tiler  A.  A.  Ind.  and  Cngng  Client.,  50,  1271  (1959). 

I.  Pinner  S.  H„  Wycherley  V.  Parties,  25,  75  (1900). 

I.  Lyons  B.  I.  Nature.  185,0041  (I960). 

5.  Bernstein  B.  el  al.  J.  Polymer  Sci,  A3,  No.  |0,  3405  (1965). 
5.  Odian  G..  Bernstein  B.  Amer.  Chem.  Soc.  Polymer  Pre¬ 
print,  4.  No.  2,  393  (I9G3). 

I.  Charicsb y  A,  Wycherley  V.  Internal.  J.  AppL  Red.  and 
Isotopes,  2,  26  (1937). 

3.  Odian  G.,  Bernstein  B.  Nucleonics,  21,  No.  10,  80  (1963). 
).  Odian  G,  Bernstein  B.  J.  Polymer  Sci,  A2,  2835  (1964). 
).  Odian  G.,  Bernstein  B.  J.  Polymer  Sci,  B2,  No.  8,  819 

(1964). 

I.  Kapnoo  B.  7).  n  Ap  B  c6  cPa.iiiamioiuiaa  xiimhh  no.ume* 
poo*.  At.,  «llavKa»,  1966,  cip.  285. 

1.  EaruiKO  C.  B.  h  Aj>  B  c6.  «Pa.l:iaillloiiiian  xiimiih  no.iHMe- 
pun*  At.  *Ila)Ka»,  1960,  crp.  282. 

5.  Bernstein  B.  et  al.  J.  Appl.  Polymer  Sci.,  10,  No.  I,  143 
(1956). 

4.  Cross  P.  E.,  Lyonr  B.  J.  Trans.  Faraday  Soc.,  59,  No.  10, 
2350  (1963). 

5.  Turner  D.  T.  J  Poly  mer  Sci..  A2.  1699  (1964). 

6.  Higgins  G.  At.  C ,  Turner  D.  T.  J.  Polymer  Sci.,  A2,  1713 
<1964). 

7.  T  u  r  :te  r  D.  T.  J.  Polwncr  Sci ,  A2,  1721  H964). 

8.  Cltarlesby  A,  Pinner  S.  H.  An.  i.  uateiir,  Ns  866069, 


-'79  IS  iii so  W  ll.ui  ii  CIII  \.  .V;  .U.1V1I57,  1962. 

2s0.  H.imif  <;ill\.  .V  I'.ltii. 

2M  Miller  A  V  ilan  iii  CIII  \.  A;  2915792,  I960. 

2'2.  Housing  or  II  R.idmdi,  m.  Ada.  3.  7  (1964). 

283  K  a  ‘in  ii  A  A.  ii  .iji  *Ai|k.i.  All  M1CP>,  I,  61  (1903). 


284.  Kaypoaa  F.  K.  h  ,ap.  B  cO.  «Pa.niamioiiiiaii  xhmhr  nonHve- 
poo».  M.,  «HayKa>,  1966,  crp.  291. 

283.  k  a  w  a  h  A.  A.  h  ,ip.  «Bucoxo>io.ickyu.  coe.iHiieHim».  7,  183 
(1965). 

286.  DaTMIXO  C.  B.  H  ap.  sXHMIMeCKJ*  npOM«UJ.U'HHOCTb»  (MB 
yKpaiiilCKoM  r.juKf).  Kuos,  As  4,  20  (1964). 

2S7.  K  a  p  ii  o  u  (3.  Jl.  h  ,ip.  B  mi.  <Tpvau  TauiKCiiTCKofi  homjwpeu* 
Una  no  Miipuouy  m.nn.ib30Daiiiiio  aiosiiioii  stieprmi*.  T.  1.  Tarn* 
si***,  J  131-bo  All  VaCCP,  1961. 

283.  Chariesby  A.  Nucleonics,  12,  No.  6,  18  (1934). 

289.  IltiKHTHiia  T.  C.  h  ap.  ileficieiie  iiotiii3Hpyx>mKT  HMyicuHB 
iia  uo.-iHMepu.  M.,  XnMrt3.jar,  1939. 

290.  Brockes  A.,  Kaiser  R.  Naturwisscr.schaflen,  43,  53 


(1956). 

291.  Ross  H.  AERE  M/R  1401,  Dept  of  Atomic  Energy  Harwell, 
Berks  England,  195-". 

292.  Lanza  V.  L.  Mod.  Plast.,  34.  No.  tO.  129  (1957). 

293.  Chariesby  A.,  Callaghan  L.  J.  Phys.  Chem.  Solids,  4, 

206  (19587-  * 

294.  Chariesby  A.,  Ross  At  Proc.  Roy.  Soc.,  A217,  1122 
(1953). 

295  Lewy  &  J.  Appl.  Polymer.  Sci.,  5,  408  (1961). 

296.  Kapnoa  B.  .1.  h  ap.  «Xiim.  npo.«-crb»,  At  6,  468  (1959). 

297.  C  a  o  a  o  x  o  t  o  a  a  H.  A.,  K  a  p  n  o  a  B.  .1.  C6.  pa6oT  no  pcaiia- 
uitoiiiioil  XHMim.  At,  Maa-ao  AH  CCCP,  1955,  crp.  196  h  206, 

298.  Tf  u  no k  a  w  a  I.  et  al.  J.  Polymer.  Sci.,  SO.  35  (1961). 

299.  T  s  u  n  e  k  a  w  a  1.  et  al.  Mem.  Inst.  ScienL  and  Industri  us  Osaka 

Univ.,  21.  127  (1964).  , 

300.  Tsunekawal.  et  al.  Japan  Soc.  Test  llatu.  1963.  138—140. 

301.  Tomlinson  G.  et  al.  SPE  Trans,  5,  No.  1.  44  (1965). 

302.  A  w  a  t  a  n  i  I.,  M  i  n  e  g  k  i  AL  J.  Soc.  Alater.  Sci.  Japan,  t4.  205 
11965) 

303.  Baccaredda  AL.  Butt  a  E.  J.  Polymer  Sci.,  22.  217  (1956). 

304.  CharlesbyA.  Butta  E.  J.  Polymer.  Sci.,  33.  1 19  (19o8). 

305.  Chariesby  A.,  Hanchock  N.  H.  Proc.  Roy.  Soc..  A21S, 
245  (1953). 

306.  Deeley  C.  W.  ct  al.  J.  Polymer  Sci.,  28.  109  (19a8). 

307.  Deeley  C.  W.  et  al.  J.  Appl.  Phys.,  29,  1415  (1958). 

308.  Merrill  LI.  ct  al.  Polymer,  I,  351  (1960). 

3C9.  Woodward  A.  E  et  a!.  J.  Polymer  Sci.,  26.  333  (19a7). 

310.  L  a  in  in  A.  Lid.  plest.  mod  ,  15,  151  (1963). 

31 1.  <t>  ii  H  k  e  .1  b  3.  3 ,  II  a  p  <j)  e  ii  o  e  a  ,1.  C.  «Tp.  H.-h.  im-Ta 

uaficiblicil  iipo\t-crn».  Bun.  VII.  M ,  1963,  crp.  129. 

312.  ACac-  3a.ae  A.  K.  «AacpG.  i:ci!»t.  ,\o3-oo»,  As  6,  36  (1965). 

313.  A  6  a  c  -  3  a  .a  e  «  .ip.  *Aaep6.  iie  pr.  .\oj-po»,  At  4.  35  (19G6). 

314.  At  c  c  e  it  >k  ii  ii  k  H.  3.  Jlnccepiauiw.  TaiuKciir.  Hut  lucpu.  (Juts. 

AH  J'aCCP.  1966.  „  .  „  - 

315.  iiarper  B.  G.  J.  Appl.  Pohnar.  Sci..  2,  363  (t2--2,. 

316.  Iiarper  B  <i.  J.  Appl.  Polymer.  Sci..  5.  GO!  (1961). 

317.  Wright  B.  J.  Appl.  Polym.r.  Sci.,  7,  1905  (1963). 

3187  Pinner  S.  N.  Pla.-tics.  24.  74  (1959). 

319  Matsubara  K.  et  al.  Trans.  Japan  Soc.  Atech.  Engrs,  28. 
No.  187.  322  (1962). 

320.  Sobolev  J.  et  al.  J.  Polymer.  Sci,  17.  417  (19.*). 


321.  B  e  n  t  H.  A.  J.  Polymer.  Sci .  24,  387  (1957). 

322.  Rogers  C.  &  ct  al.  Plastics  Progress.  N.  Y.,  1957,  p.  45. 

323.  Bixler  H.  I.  et  at.  J.  Polymer.  Sci.,  At.  895  (1963). 

324.  <t> it h kc.i b  3.  «Tp.  H.-H.HU-T4  xafc-ibtiofi  upoM-cni*. Bun. IV. 
AL.  «3iiepriia»,  1959,  crp.  96. 

325.  OHHue.ib  3.  3,  MnyT0i»  K.  B.  «>K.  $>H3.  xmuhk»,  33,  J*  7, 
1648  (1959). 

326.  O  h  h  k  c  ,i  b  3.  3.  JlHccepiauH*.  H,-h.  hu-t  KaCcabiioS-  npo«-cT» 
h  ilu-ta  ipi!3.  mim.  All  CCCP.  At.,  1958. 

327.  <i>  h  h  k  e  .t 3.  3.,  Happen obi  71.  C  «Tp.  H.-u.  hh-tb 
uaoe.ibiioM  npou-ciH*.  Bun.  VI.  At..  1962,  crp.  165. 

328.  Bop  p  C.  D.,  Sis  man  O.  ORNL,  1373  (1953). 

329.  Black  R.  M.  Plast  Inst  Trans,  and  J..  29.  No.  81.  98  (1961). 

330.  Campbell  J.  B.  Ataler  and  Alethods,  40,  No.  3,  91  (1954). 


337 


331.  Chem.  Engng.  G3.  122  (1956).  ! 

332.  Rubber  and  Plast.  Ape,  38.  No,  1.  65  (1957y. 

333.  Kapnoa  B.  .1.  H  Ap.  B  kii.  «Tp.ju  II  Bcccoioshoio  coaewaHH* 
no  paAliauiloiuioii  xitnuua.  M..  Hja-so  AH  CCCP,  1SG2.  crp.  547. 

334.  M  a  t  h  e  $  K  ,  Morgan  At.  Hr- rein  CUIA,  Kt  2929744,  I960. 

335.  Stark  K.  H.,  Gartor  C  G.  Nature,  176,  1225  (I95S). 

336.  CoKo.ioBa  Jl.  E.  daiitne..  t,  3  3.  «Tp.  H.-h.  HH-Ta  Kafie-ib- 
noli  npoM-cr«».  Bu.i  VII.  M,  19(  t.  cto.  102. 

337.  Bopoxuos  B.  It.,  Oa.iai  n  H.  C.  «H3b.  'BV3ob  CCCP. 

Oji3iiKa>,  >.*  4  (1958).  : 

338.  BopoamoaE.  11.  aTTpnGcpu  h  TexHHKa  SKCnepHsieHia*.  J*  1 
(1959). 

339.  BoAonbjmon  K.-A.  x  ,ip.  «H3b.  By3os  CCCP.  Omnica», 

340.  Bopowuoi  5.  If.  ii  np.  rllaB.  BV3oh  CCCP.  4>H3inta»,  145 
(1962). 

311.  O.TbuiaiiCKaa  H.  II.  B  m.  <Meaio>aoacMia  cCopiiHK  tpyAOB». 
Bun.  2.  IloBcuiSiipcK,  1963.  crp  .30. 

342.  R  u  s  Ii  t  o  n  E.  Teclpi.  Rept.  Eb  i  tr.  Res.  Assoc.  No.  1,  RepL  L/T 
377  (1958). 

343.  B  .i  a  c  c  ii  k  o  B.  n.  n  .ip.  B  c6  *Pa.mauHorfnaR  >mmhb  noninje- 
poD».  M.,  »lla\ha».  1966,  ctp.  325. 

344.  At  e  c  e  ii  h  h'k  >1.  3.,  <t>  it  ii •:  e.u  3.  3.  «Tp.  H.-h.  hh-ti 
K.iOe.unoli  npoM-ern*  Bun  X.  M.,  «3nepriin».  1966,  crp.  176. 

343.  Allies  J.  R-.  N cue II  U.-M.  J.  Appl.  Polymer  Scik  9,  483 
(1965). 

316.  Horubcek  R.  F..  Parkinson  W.:  W.  ORNL-2413  (1957). 

317.  CoCya  X.,  Ta a 31111a  V.,  TaGaia  5'.  «Kore  saraKy  .iaac- 
01*.  62.  136  (19591. 

343  Harrington  R.  Rubber  Age.  85., 963  (1959). 

319.  Lawton  E.  I.  H.ireiir  CUIA.  ;v?  2948606,  I960. 

33(1.  Bece. touch  11  ft  P.  A.  h  ,ip.  aUudoKO'Hvsehy.i.  eoe.Tiineiiii*».  ». 
N;  4.  744  (I960). 

351.  ('ono.iuMcp  sticieita  c  nponn.Tci.ou  mi3Koro  1Tan.iciiHjt.  IIoa  peA- 
C.  B.  illyiiKoro.  M.--.J1 .  OCii'tim*.  1965. 

352.  n.i\  id  son  \V.  1.,'  Geib  !.  G.  J.1  Appl.  Pljjs,  «*.  427  (1948). 


357.  Dcclay  C.  W.  el  at.  J.  App.  Phys,  28.  No.  10.  1124  (1957).  ! 

358.  Majury  T.  G..  Pinner  S.  I  J.  Appl.’ Chem.,  8,  168  (1958). 

359.  Shultz  A.  R..  Bovey  F.  X  J.  Polymer.  Sd..  22,  485  (1956). 

360.  Graham  R.  H.  J.  Polymer  \c.  37.  441  (1959). . 

361.  S  h  u  1 1  z  A.  R  J:  Polymer  Sci..  3o.  339  (1959). 

362.  Alexander  P..  Toms  D.  J.  Radiation  Res..  •.  509  (1958).  <■ 

363.  Schmidt  D.  L  Report  WAOC- rR-56-557,  II,  Wright  tir Dede- 
lopmci’1  Icutcr.  1958. 

364.  Fo  v  le  r  J.  F.,  Farmer  F. 'F.  Nature.  175.  516  (1955). 

365.  Fowler  J.  F.  Proc.  Roy.  Soc,  A236.  464  (1956). 

366.  A  A  a  >1  •.  U  B.  «3.TCMpil'lceTD0».  4,  76  (1964). 

367.  B  c  r  k  0  w  i  t  c  is  J.,  C  h  a  r '  e  s  b  j  A.  J.  Polymer  Sd.,  25. 490  (1957)i  , 

368.  DinneA.  J.  Phvs.  Soc.  J  span,  13,  609  ( 1958). 

369.  Bopp  C.  D..  S  i  a  in  a  %  O.  N  lclconics,  13.  No.  7.  28  (1955). 

370.  Bopp  C.  D.  Sis tnan  O.  Nnelrohics,  14,  No.  3,  52  (1956). 

371.  Pearson  R.  W.  Proc.  of  11k  International  Conference  on  Ra- 
dioisotopis  in  Scienlilic  RescircF  v.  I.  paper  1,  Pergamon  Press,  . 

N.Y.,  1958.  p.  151. 

372.  O  k  a  m  u  r  a  S.  et  al.  Efic<  s  oi  y  radiation  on  polymer  reac¬ 

tions.  Pro3.  of  (lie  Sceonrf  li:  cr.-atinnal,  Contercnce  on  the  Pea¬ 
ceful  Uses  of  Aiomic  Eucigy,  Geneva.  1958,  v.  29,  United  Na¬ 
tions.  No.  4,  1959.  p.  176.  ,  _  , 

373  Branca  to  E.L..  Alfaro  J.  G.  Power  Appar.  and  Systems. 

No.  34  (1958).  ^  1  „  ‘  .  _ _ 

374  HecrcpoB  B.  M.  h  Ap-  -u,a  TuepAoro  Tena*.  Bun.  XI,  4,  ^  ( 

3010  (1962).  _  -  .  a, 

375.  CpleG.  flaieiiT  CUIA.  At  29194' 3,  <961. 

376.  Rehner  <5.  Hareiir  CUIA.  At  29352/ 1,  J9ua.  C(i,eP* 

377.  Rainer  W.  C  natciir  C1I1A.  .Vs  3097150,  1963.  \ 

378.  P  i  11  no  S.  K.  Nature.  153.  4665  U959). 

379.  Windier  G.  J.  Palmier  Vi.  23.  No.  120,  585  (19o8).  1 

:»S0.  Wells  X.  Williamson  !.  J.  Bril.  Plasties,  37,  Wo.  7,  311 

11938).  1 


338 


381.  Kimura  T.  Bull  Ocaka  Mimic  Tcclm.  Res.  lust..  37,  64  (1964). 

382.  P  e>  s  s  e  1 1  K.  Monatsber.  D-nttscli.  Acad.  Wiss,  Berlin,  6,  No.  I, 
1G  (1964). 

383.  Byrnes  S.  Iiiduslr.  and  Filling  Client,  4S.  No.  II,  2549  (1953). 
381.  Kucli  lin  R.  P„  Kliiu-  D.  E.  Kolloid  Z.  und  Z.  Polymer,  209, 

I  (1965). 

385.  K  ii  v.  y  p  a  T  a  .1  j  o  h.  M  ii  p  a  t  a  X  h  o  o  c  h.  «Ko»\  iich  Ksra*y 
.rifcccii*.  19.  X>  212.  747  (IW>2). 

3t>6.  P  inner  S..  Charles  by  A.  Aura,  iiaietir.  .V;  862505,  1961. 
387.  C  «  no  a  a  p  a  K.  51:u-!iok.  iiaimr.  N*  9897.  19ol. 

383.  T  a  %  a  :.iam  Tooakii.  «Kofl\ licit  Karany  .uacii*,  As  3.  236 
1 19621. 

3s3  Takamatsu  T.  Shinoliara  K.  Rika,  Gsaku  Kenkynsho 
Hehchtt  37,  306  (1961). 

39n  C  i*  ;i  o  n  a  p  a  K.  P.ioiick.  n.iieiir.  .V*  9597,  1961. 

391.  Cuiionapa  K.  ii  tip.  PnoiiCK.  narenr.  .Vj  22146,  1961. 

392.  Char  lest)  v  A.  Aura.  nateltT.  A?  7G105J,  1956. 

3! ‘3.  Find!.'  v  nav..T  CI11A.  .V;  2964134,  1960. 

<*>;  ai::i.  ii.uc.IT.  .V:  i;*7214,  1959. 

395.  AHHsectiKo  B.  M.  ii  ,ip  cRecru.  ^icMponpoM-cnu,  AS  6,  16 
(1962). 

39G.  Byric  2.  it  ai.  Industr.  and  Engng  Cbem,  45,  2549  (1953). 

397.  Ntsliiona  A.  et  at.  J.  Polymer.  Sci,  25.  617  (1958). 

398.  Mat  sum  a  I  K.  tt  al.  J.  Polymer  Sci.  28,  653  (1958). 

359.  Goodman  J.,  Coleman  J.  H.  J.  Polymer  Sci.,  25,  253 
(1957). 

4ft).  Retroad  H.  N,  Gordy  W.  1.  J.  Chem.  Phys.  30.  399  (1959). 
401.  CoOo.iesa  H.  B.  h  ap.  cKoaiojuh.  21,  G25  (1959). 

4t>2.  Licht  W..  Kline  D.  J.  Polvimr  Sci,  A2.  No.  4.  313*  (I9G6). 

403.  Pefflcy  W.  Si.  ct  al.  J.  Polymer.  Sci.,  At.  No.  4  977  (1SGG). 

404.  Ehrenberg  E,  Zimmer  it  G.  Acta  Chem.  Scand,  10,  874 
(1956). 

405.  Wall  L.  A,  Florin  R.  E.  J.  Appl.  Polymer. Sci.. 3. 251  (1959). 

406.  Nishioka  A.  J.  Appl.  Polymer  Sci.  2.  No.  4.  114  (1959). 

407.  Straus  S,  Wall  L.  A.  Soc.  PlaM.  Engng.  Trans,  3,  No.  4. 
61  (1963). 

403.  Kunstoffe  Plasl.  10.  No.  4.  398. 

409.  BapKa.ios  II.  M.  h  jp.  B  Ml.  «Tp>ju  ii  Bceco»3UOro  cnae- 
utamia  no  paaiiamiomiou  xiiuhh».  Ml,  Hja-bo  AH  CCCP.  1962, 

cip.  616. 

410.  Sands  G.  D.  el  al.  Amer.  Clicm.  Soc.  Polymer  Preprints,  0, 
No.  2.  987  (1965). 

411.  Wall  L.  A.  et  al  J.  Polymer  Sd,  Al.  Nc.  2,  349  (1966). 

412.  Harrocks  L.  A.  .Materials  and  Design  Engineering,  47,  No.  I, 
120  (1958). 

M3.  C.harlesby  A,  Groves  D.  Proc.  Third  Rubbi'r  Techn.  Conf. 
W.  llcfier  and  Sons,  Cambridge,  1956,  p.  317. 

414.  Bauman  R,  GlantzJ.  J.  Polyni-r.  Sci,  26.  807  (1957). 

415.  Born  J.  \V.  it  al.  Report  WADC-TR -56-58,  v.  HI,  Tlie 
B.  F.  Goodrich  Co,  1956. 

416.  Warrick  E.  L.  Industr.  and  Engng  Cheat,  47,  2383  (19.55). 

417.  11  a  r  r  i  n  g  t  o  n  R.  Rubber  Age,  82.  No.  3,  461  (1957). 

418.  Broadway  N.  J.  Report  REIC-5,  Battcllc  .Memorial  Institu¬ 
te.  1958. 

419.  B.iox  T.  A.  ti  ,ip.  »Bvcth.  j.ie'vij,oi:p-)«-cni»,  .V  8,  52  (1931). 

420.  Ryan  J.  R.  Nucleonics.  II,  No.  8.  13  (1933).  . 

421.  B  u ec h e  A.  M.  J  Polymer  Sci .  19.  275  (1956). 

422.  St.  Pierre  J.  E.  et  a!.  J.  Polymer  Sci,  .6.  103  (1959). 

423.  Currin  C  G,  Smith  F.  A.  Eie-etr.  Muimiactiirer,  64,  No.  4, 
110  (1959). 

421.  Co  I  tin  an  R.  R.  vt  al.  Rev.  Sci*  til.  Instriim,  28.  375  (1957). 

425.  Primak  \V,  Fuche  L.  II.  Nucleonics,  13.  No.  j,  83  11933). 

426.  Fowl,  r  J.  r..  Farmer  F.  T.  Nature,  171.  lirJO  (1953). 

427.  Fowler  .1.  F,  Farmer  F.  T.  Nature.  173,  317  (1951). 

428.  Fowle  r  J  F„  Farmer  F.  T.  Nature,  *74.  136  (1954). 

429.  Fowler  J.  F,  Farmer  F.  T.  Nature.  171.  *<1  ,1951). 

450.  Fowler  .1  F,  Farmer  F.  T-  N.i'mc.  175,  .»■.*•  (19-35). 

431.  Fowl*  r  J.  F,  Farmer  F.  F.  N  >t:--re.  173.  i-S8  (1955). 

432  Fowler  J  F.  Farmer  F.  T.  Unt.  J.  Radiol.  24.  118  (1956). 
431.  M.ivir  R  A  et  a!  I.  A|*:*l.  P:>" .  27.  HH2  (195*1). 

431  Fowler  J  F..  Farmer  F  T.  But  J  R.i.i  *d .  29.  35$  (1956). 

435  Burr  J.  G.  Garrison  W.  M  l'.  S.  At*  :ric  Eiur-jy  Conimi*- 
>.<.r.  Report  AIICD  2oTH.  I'JV 

436  Sisiasn  O,  Bopp  C.  D.  Physical  Properties  e-t  trra-Jiateol 
I’IjM-  >,  OPNL  923.  1951. 


437.  Shelf  on  R.  D.  Electr.  .Manufacturer.  No,  9,  168  (1957). 

438.  M annual  r-  Nucleonics.  12.  No.  6.  49  (1954). 

439.  Pinner  S.  H.  Annual  Rests  Prone.  Appl.  Cliem..  43.  403  (1958). 

4  59.  Wad'iington  F.  B.  AE1  Engineering,  No.  1—2,  24  (1S62). 

441.  B  a  k  y  a  o  d  IL  B.  h  jp.  Paaiiziyiomme  uouca  3tu.ia.  At ,  <Ha* 
vkm,  1965. 

442.  j  a  f  f  e  L.  D.  Ritlenhouse  J.  B.  Materials  in  Design  En* 
Sintering,  50.  No.  3. 97  (1962). 

443.  Ring  wood  A.  F.  Mod.  Plastics,  41,  No.  5.  173  (1954). 

414.  Pa  scale  J.  N.  et  a!.  Mod.  Plastics,  41.  No.  2.  239  (1963). 

415.  Ross  1.  At  Bell.  System  Tcclm.  J..  No.  5.  665  (1962). 

446.. Van  Allen  J.  A.  J.  Gcophys.  Res..  64.  1683  (1959). 

447.  Bepnoi  C.  H.  u  ap.  Planetary  and  Space  Science  ,1,  No.  2, 
86  (1959). 

443.  Holly  F.  E.  J.  Ceophys.  Res.,  65.  771  (I960). 

419.  Bradlv  A.  Plastics  Design  and  Processing.  1.  18  (1961). 

450.  Lehr  S.  N.  Tronolone  V.  J.  Inst,  of  Radio  Engineer* 
Transactions  on  Reliability  and  Quality  Control.,  10,  24  (1961). 

45!.  Kapron  B.  A.,  K  ape  os  B.  A.  Asropcitoe  cBiueTe.iwrrso 
Kt  i43GO.*15M9. 

152.  ChartesbyA.  Plastics,  IS.  142  (tS53). 

453.  Sun  K.  H,  Mod.  Plastics.  32.  No.  t.  141  (1954)- 

454.  Charlesby  A..  Bain  T.  Brit.  Plastics,  60,  No.  4,  146  (1957). 

455.  B ! o c k h o f  i  F.  J.,  Ncu  r.ann  J.  A.  Mod.  Plastics,  32,  No.  7, 
103  (1955). 

456.  Mod.  Plastics.  31.  No.  6. 100  (1934). 

457.  He  r  .a  i!  h  E.  JI,  On O k p c k a  a  T.  H.  B  cfi.  <HefiCTB«e  nous- 
siipytomiix  tt3nvtei*H8  na  neoprai'H'iwKHe.  h  oprammecKne  cacre* 
»!u».  M..  Hj.vbo  AH  CCCP,  1958,  crp.  341. 

458.  Bueche  A.  AL,  Whife  A.  V.  /.  Appl.  Phys.,  27.  980  (1956). 

459.  G  o  o  d  v.* :  n  P.  A.  Mud.  Plastics.  32.  No.  7,  102  (1955). 

460.  Electronics  38.  No.  2.  70  ;1965). 

461.  Bp  a  r  inic*  lift  P.  IX  AncccpramM.  Bceccowa.  aaoa:i.  ai’epre- 
riia.  tiii-T.  Al.,  1966. 

462.  Kapnoa  B.  Jl.  u  .ip.  «n.i»CTMaeeu»,  A*  9  (1965). 

•*u3.  rpitnOcpr  A.  IX  Mero.iu  yesopesnta  .ispnttemiu*  lacrun. 
Al. —  JI.,  rocrexieopna.'iar,  |95tX 

464.  P  h  C  y  .x  ii  n  JO.  C..  Bpcrep  A.  X.  <Aro>uu»  aiu*priM»,  ».  o33 

41938).  „ 

465.  P a 6 y x n n  10.  C..  Bperep  A.  X.  cAtomiuh  jueprn**,  7.  429 
(1959). 

466.  Bperep  A.  X.  «Hpo5i.  dma.  xiiMim*.  I,  Aft  I,  61  (1958).- 

407.  PinnerS.ll.  Nature.  181. 1!08  (1959). 

4SS.  Gray  lard  W.  G.  J.  Polymer  Set.  22,  7)  (1956). 

469.  Swallow  A.  J.  Brit.  Cliem.  Eiurng,  8.  No.  !,  27  (1963). 

470.  Suba  Al.  Al..  Toinfordc  II.  F.  Rubber  Age,  90,  No.  6,  941 
/jof,2) 

471.  Lscombe  J.,  W  robe  I  W.  Wire  and  Wire  Prod,  38,- No.  4, 
508  (1963). 

172  La  co  in  be  J,  W  robe  I  IV.  Wire  and  Wire  Prod,  3S.  No.  5, 
070  (1963). 

471  .Sakamoto  I.  Direct  Current.  No.  it,  136  (194*1). 

474.  Rubens  7..  U re  hick  D.  llarciiT  CIllA,  At  294866a  (I960). 

475.  R  u  h  e  n  s  Z.  Ha  rear  CHI  A,  At  2952594,  I960. 

476.  Kakiixoro  X,  At  a  u  y  6  a  p  a  T.  flnouc*.  oaieur,  7*  20752, 
1951. 

477.  Barcajoi  II.  M.  h  ap.  AaropcKoe  cBiuereiscrao  J*  134654, 
<9M. 

473.  <bpasm.  nareur,  fit  1166793,  1558. 

479.  Bax  IX  A.  <BwcoKOVO.iMtyx  coej«acHM»,  f,  Ai  I.  131  (1964). 

4P0.  Cook  P.  AL  et  a!.  Rubber  and  Plastics  Age.  No.  5,  522  (I96t). 

481.  Halperin  R.  AL  et  al.  Wire  and  Wire  Prod,  37,  No.  2,  207 
(1962). 

432.  Electronics,  38,  No.  13,  67  (1965). 

433.  Lanza  V.  L,  Stivers  E.  C  Electron**  Industries,  22,  No.  7, 
100  (1963). 

484.  Town  A.  N.  Wire  and  Wire  Prod,  34.  1293  (1959). 

485.  flpHMeneane  HO'iiiaMpytouwx  KMy«Haa  a.ia  yaysiaeiiss  saesay- 
araimoUHMX  xapaittepncTHx  3.i«trpoi»arauHomfM*  uatepuaxoa. 
llucjuryi  TCX!iH«iecKm*i  x;i<jX)pxauH>f.  Kitts,  1964. 

486.  H.r3y :i it  At,  C y 4 3 y k h  <3.  Sumitomo  Electr.  Rev,  No.  90, 
44  (1965). 

487.  Bain  T„  Davison  W.  H  T.  Eng.  Mat.  Design,  3,  468 
(I9G0). 


FTD-MT-24-1916-71 


4M.  Plastics  World.  21.  36  (1963). 

4 S3.  Insulation.  No.  2.  40  (1966). 

490.  \V  e_c  k  s  R.  A,  Q  i  n  d  e  r  D.  Power  Appar.  and  Systems,  41,  88 
(1959). 

491.  Radiation  Sources  Edited  by  A  Cliarlesby,  Ptrgamon  Press, 
Lond.,  1964. 

492.  Bilington  D.  S,  Crawford  J.  H.  Radiation  damage  in 
solids,  Priccton  University  Press,  1961. 

492.  G  I  a  s  s  t  o  r.  e  S.,  E  g  1  u  n  d  AL  Nuclear  reactor  theory,  D.  Van 
No-.traiid.  N.  Y..  1952. 

4'»4  Mot  off  J.  Units  of  neutron  radiation  fields,  presented  June, 
-2.  1957,  at  the  meeting  of  the  American  Society  for  Testing 
Materials. 

49 ».  Trice  .1.  B.  et  al.  U.  S.  Atomic  Energy  Commission  Report 
AECD-3716,  Office  of  Tcrlinical  Services,  Washington,  D.C. 
(1953).  * 

495.  Trice  J.  B.  it  al.  Nucleonics.  16.  No.  7,  81  (1958). 

4y7.  Trie  e  J.  B.  et  al.  Radiation  shielding,  Pt-rgamon  Press,  Lond., 

495.  Lcvse  C.  F.  U. S.  Atomic  Commission  Report  AECD-3682, 
T.-ch.  Into.  Service,  Oak  Ridge,  Tcnnesse,  1913. 

493.  Kapuoa  B.  Jl.  h  Ap.  *Aio>iua*  sneprHH»,  15.  302  (1963). 

300.  PaOyxHH  K).  C,  Bperep  A.  X.  *Arouh.’a  aueprua*,  7,  129 

(■959). 

Ml.  KHsaajae  F.  If.  «  Ap.  tArovnaa  siiepnm*,  19,  178  (1965). 
•j'A.  K  u  k  h  a  A  3  e  T.  11.  it  .ip.  cAioMiiax  siiepriu*,  19,  176  (1965). 
M3.  Ka.iuKiic  B.  A.  H  .ip.  Pa.iuaimoHHax  .xhmiih  n-uuvepo*.  AL, 
Hit-no  AH  CCCP.  1966. 

SCI.  Bperep  A.  X.  lleTi.'iiii.KH  suepnux  iiMjncuufi  ii  itx  nriiueiieiiue 
o  pa  viamiuii.-  j-\i!«n'itcuu  npoueecax.  M..  BUHHTii  AH  CCCP. 
I960. 

505.  Bperep  A  X.  Jlucccpramm.  ■  Il.-ii.  dnii.-xim.  pii-t 
mm.  Jl.  fl.  Kannosa.  M.,  1960. 

5tY».  Mu n os im  fi.  B  mi.  aTpy.xu  Bropoil  xeauui.ipoAHOS  kompe- 
ptHmiH  no  MHpnovy  HcnaibsoBaHim  btouuoA  atteprna.  OKenesa. 
1958*.  IhOpaiiiiue  .iok.id.iu  miocrpauuux  yieiiu.x.T.  10.  AL.  Atom- 
iMAar,  1959.  crp.  230. 

507.  Cuiihuuh  B.  II.  PajuamiouHue  icthhoskh  h  iix  npHveiKHiie. 
M,  UHT3II,  1961. 

509.  rtbnHKoa  T.  H.  u  .ip.  c.VroMiiaa  3HeprH*».  19,  75  (1965). 

5C9.  n  bn  h  k o b  T.  H.,  Ky.nonHHa  11.  B.  cAroima*  3iicprHs»,  19, 

77  (1965). 

510.  Jl  ii  a  ii  h  r  c  r  o  ii  AL  VcKopiire-iM.  At..  II3.1-B0  UHocrp.  .mr,  I956l 

511.  rieiyxoB  B.  A..  Kotob  B.  II.  Coapeueimue  ycKopiiT*.™  xa- 
cum.  AL.  «llay>;a*.  1965. 

512.  K  b.io  ue  nek  lift  A.  A.  .U  c  6  e  A  e  b  A  H.  Tcopim  uiik.ih'icckhx 
m  hopitTeaeii.  AL.  <t>ii3Marrii3.  1962. 

■513.  Ba.ibAiiep  O.  A.  .limcfmue  ycnopHie.iH  sacktpohob.  AL. 
AroMH3AaT.  1966. 

514.  BeKC.iep  B.  It.  ycKOpme.iH  aronuux  naenm.  AL,  H.ia-bo  AH 
CCCP.  1956. 

515.  A6paxaa  E  A,  F a n o h ob  B.  A  «Aiomhdh  sneprim*.  20, 
365  (1966).  # 

516.  KoMap  E.  T.  ycKOpiuc.il!  3apa>KeiiHux  xacTHU.  AL,  Atomhj- 
AST,  1964. 

517.  Behman  G.  A  Nud.  Instntm.  and  Aleth.,  3,  181  (1958). 

513.  Behman  G.  A.  Nud.  Instrum  and  Aleth.  It,  254  (1961). 

519.  Lanton  E.  J.  Science.  112,  419  (1950). 

520.  K  n  0  w  1 1  o  n  J.  A.  et  al.  Nucleonics.  12.  64  (1953). 

521.  .Miller  C.  W..  J.  Brit.  Inst.  Radio  Engrs.  14,  No.  8  (1954). 

522.  Miller  C.  \V.  Engineering.  ISO.  34.  374  (1955). 

523.  Top  1011  os  A.  A  u  .ip.  B  c6.  «l'cbopiire.iH».  Bun.  VH.  Al, 
«3iieprim»,  1963,  crp.  178.  - 

524.  Camitapnue  np.’nii.ia  \crpoiicrna  11  3Kcn.iyaT.imm  woimiux  »30* 
Toiiiiux  UTannuOK.  Al .  Mmunpao,  1964. 

525.  r>cco’H.  F.  11  .ip.  3atuuia  ot  MUyxcimn  npor>OKciiHUx  uciox- 
luiKOB,  AL.  r<*-aT<v.:n  uar.  1961. 

526.  Bperep  A.  X.  ' llpofi..c':u  i)>;iiii'k\koh  m:miiii».  Bun.  1.  M„  62, 
(1953). 

527.  Bperep  A.  X.  it  Ap.  cAuimiux  sneprtm*.  1.  131  (1956). 

523.  Bperep  A.  X.  11  .ip.  cHpnO.ienu  (J>ininccK<>ii  Mivint*.  Bun.  2. 
Al.  163  (1959). 


FTD-HT-2*J- 19 16-71 


3*1 


529.  Kax  iu  a  11  ck  ii  it  ,1.  A.  .liiecepTaitiiH.  Hii-t  opraiiiM.  xiimiih  AH 
CCCP.  At.  1965. 

550  Rc.i  u  h  c  x  ii  ft  B.  A.  .TiioceptamiH.  H.-h.  4>ii3.-\hm.  iih-t. 

iim.  H.  Kapnoua.  At.,  1961. 

531.  IIo.iaK  .1.  C.  it  .ip.  vAMMiian  aiiepnw*.  20.  -127  (1966). 

532.  Cupivc  H.  n.  ii  ;ip.  «\um.  npoM-crb».  AS  8,  617  (1959). 

5.13.  B  a  f  ii  tii  t  o  *  !i  B.  II.  .'(iicvc-pramm.  H.-h.  <pn.i.-\iiM.  in.-r 

n«  .1.  H.  K.*  '■.'rtj.  At..  1964. 

531.  f'upKvc  II.  II.  jliiecepT3Ui:a.  ipm.-xiiM.  irn-t 

iim.  .’1.  H  K.i.'.iubj.  At..  1961. 

535  At  a  \. i  lie  0.  A.  ».\iomii.ih  iiiepr»«»,  17.  117  (1964). 

5.36.  At  a  v  ,m  o  <I>.  A.  vAtomiijm  iiiepi  n«».  16.  562  (!963). 

537.  At  a  x  .1  ii  c  <I».  A..  B  p  e  i  e  p  A  X.  iAio'iiiaa  siiepnm*,  I*.  193 

6965). 

518.  Xpymes  B.  T.  it  .ip.  cAroMiian  aiiepran*,  12.  536  (1962).  ^ 

539.  Boar  tut  B.  II.  ii  ,ip.  «Atovihuh  3Hepnm»,  18.  546  (1965). 

546.  Bperep  A.  X.  h  .ip.  (Aiouiiaa  siieprHH*.  8.  441  (I960). 

541.  .lemiiHCKiiri  H.  II.  ilHccrprauMn.  At,  AiH«t>H.  1962. 

542.  At  a  no  wits  B.  el  at.  Large  Radiation  Sources  in  Industry. 
JAEA.  V.  I.  Vienna,  1960. 

543.  Eudepranb  A.  B.  k  jp.  Haoionuue  rauxa-ycTaiiowuL  At, 
Atomhj.mt,  196a 

514.  Kana.  ob  At  Ji.  h  jp.  *Kay<iyx  u  pewma».  AS  11,  28  (1964). 
545.  BepasHT  C.  M.  u  jp.  cAroMiiaa  aiieprun*.  21.  64  (1^66). 

516.  O lander  J.  .Mod.  Blast.,  58,  No.  10.  105,  113,  190,  191,  197 
(19G1,. 

547.  AleroAiiKa  onpe.ie.ieiuia  skonouHicchoa  s^^tiibhoctu  Hcnaifc- 
aoBauiii  j  (oMiioii  Jiieprim  b  uapoauoM  x03nficTBe.  At.,  Atomis- 

548.  InduNo  1  Uses  of  Lcrge  Radiation  Sources.  Vienna,  IAEA,  I, 
II  (1963). 

549.  Rupp  A.  F.  Proc.  of  Inlern.  Conf.  on  the  peaceful  uses  of  ato¬ 
mic  energy.  Genewa.  1955.  United  Nations.  N.Y.  (1956). 

550.  ripocncKT  tjmpsibi  (High  Voltage  Engineering  Corporation*. 

551.  ripocneKT  <j)iipjiu  (Applied  Radiation  Corporation*. 

532.  Strockman  C.  H,  Bauman  R.  &  Chem.  amt  Engng  News, 
35.  No.  31.  16  (1957). 

553.  .Michaels  At  Large  Radiation  Sources  in  Industry,  Vienna, 
IAEA.  II.  363  (1960). 

554.  Swallow  A.  J.  Brit.  Chem.  Engng.  8.  No.  I,  27  (1963). 

555.  Radioisotopes  in  Science  and  Industry.  U5AEC,  January,  196ft 
536.  HtohC.3.,  At h x a  j.i h c  At  Bccra.  rexH.  a  skouomw.  tm£op- 

vaui.H.  H11UT3H.  Si  8 — 9,  71  (1960). 

557.  R  a  u  ( i  1  J.  W  Economics  of  electron  beam  irradiation.  Second 
Industrial  Nuclear  Technology  Conference,  Chicago.  Illinois  (16, 
May,  1957). 

558.  Crowley-Alilling  At  C.  New  Sci,  II,  No.  51,  33  (1957). 

559.  Crowley-Alilling  At  C  Proc.  Iiistn.  Electr.  Engrs,  I07A,  133, 
(I960). 

560.  Crowlev-AlilUng  At  C.  int.  J.  Appl.  Rad.  and  Isotopes,  8,  vol.  6, 
207  (1939). 

561.  rocT8813— 58.  ‘  * 

562.  5  v  p  j  j  h  T.  if.  Ejiimmbi  (jniSHiecKiix  se-iuiMH.  At,  Ciaiuapim, 

1963-  „  „ 

563.  II  p  a  ft  c  B.  Periictpamis  s.icpaoro  *3.iy*ieHieB.  At,  Hji-w 

IIHOCTp.  .1HT..  1960.  . 

564.  Atachurek  J.  E.  el  at  Third  United  Nations  International 
Conference  on  the  Peaceful  Uses  of  Atomic  Enirgy,  Report 
No.  198.  U.  S.  Atomic  Energy  Comission.  1964. 

555.  Chemical  Engineering  News,  41.  No.  6,  80  (1963). 


FTD-MT-2i(-19 16-71 


342 


